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ABSTRACT

Freshwater for ecosystems, drinking water, and water for various
businesses are important resources and those resources are rapidly
diminishing globally due to drought and overuse. In order to manage the
availability of water for all concerned, good estimates of base flow
(groundwater) is required. Base flow, a component of streamflow, is
deduced by separating a stream hydrograph into two components, base flow
and runoff. There are several techniques used to perform base flow
separation; however two techniques are used in this study, chemical massbalance and analytical methods. This dissertation explains how an analytical
technique was derived from a mass-balance method, how that particular
analytical method compares to several other analytical techniques, also the
analytical and mass-balance method used with discrete data.
Chapter 2 explains how an analytical method, termed the power
function method (PFM) in the form of aQb + cQ, was derived from the massbalance technique called the conductivity mass-balance (CMB) method.
Regardless of the method used to separate base flow, calibration is needed
at each specific gage. The PFM or any other analytical base flow separation
method is not as sensitive to base flow suppression at high discharges as the
iv

CMB method therefore, analytical methods may overestimate base flow at
high discharges. Applying regionally–averaged coefficients of the PFM or
uncalibrated analytical methods to estimate base flow may provide
unreasonable large errors. The coefficients of the PFM are acquired from
stream flow conductance obtained over many storm events. For single
events, the PFM is not as accurate as the CMB or other tracer methods. It is
more appropriate for assessing base flow contributions over longer periods
than single events. However, the PFM coefficients are derived directly from a
basin and gage dependent variable, specific conductance and use of the PFM
for single events is more justifiable than applying uncalibrated analytical
methods.
Chapter 3 compares six analytical base flow separation techniques to
Stewart et al. (2007) conductivity mass-balance (CMB) method. Seven
methods were used to determine the base flow index value (BFI) on 35
stream gages with each gage having two years of specific conductance data
and 30 years of continuous discharge data. Base flow index is dimensionless
and varies between 0 and 1. One of the six analytical base flow methods,
the power function (aQb + cQ), is inherently calibrated and returns similar
results as mass balance techniques. After calibrating the other analytical
methods, they were able to replicate CMB base flow values. The results of
this study suggest that analytical base flow method should be calibrated
against a tracer or mass balance method.
v

Chapter 4 determines if base flow separation can be accomplished
using discrete data instead of continuous data. The data from stream gages
of the previous studies, Chapter 2 and Chapter 3, have over two years of
continuously collected specific conductance data, however the norm at
stream gage sites is discrete geochemical data.
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CHAPTER ONE:
INTRODUCTION

Growth in population increases water demands and the increase in
water demands increases the need to know base flow characteristics of
rivers because that information is required for water resource management
of the water supply, agricultural needs, and estimations of water quality and
quantity (Tallaksen, 1995, Burek et al., 2016; Wada et al., 2016; WWAP,
2018). Base flow also play an important role in maintaining river flow,
analysis of soil and water conservation, evaluating nonpoint source pollution
and changes of land-use (Jia et al., 2011). There are many names referring
to base flow and amongst the names are seepage flow, percolation flow, low
flow, sustained flow, and groundwater flow (Hall 1968). In this study, base
flow is referred to as the groundwater contribution to total stream flow and
geochemically characterized as having higher total dissolved solids, higher
ionic concentrations, and higher specific conductance.
Numerous methods have utilized base flow separation to establish the
base flow contribution of stream flow. In this study, two methods are
chosen, analytical and mass-balance techniques. Analytical techniques are
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the most widely used methods of separating a stream hydrograph into two
components, base flow and runoff (Arnold et al., 1995; Eckhardt, 2005;
Huyck et al., 2005). The assumption of these is that the base flow
hydrograph is the lower frequency, lower amplitude component of the
stream flow hydrograph. Advantages are replication and ability to use entire
discharge record but they are typically applied without reference to
hydrological site-specific basin variable other than discharge and basin area
(Nathan and McMahon, 1990; Arnold and Allen, 1999; Huyck et al., 2005).
A common tool used to investigate hydrological processes are environmental
tracers (Schmieder et al., 2016). Environmental tracers or mass-balance
methods assume stream flow components have quantifiable, unique
geochemical or isotopic characteristics that can be used to determine the
contribution of base flow to the stream flow hydrograph (e.g., Cey et al.,
1998, Wagon et al., 1998; Stewart et al., 2007). An advantage is that sitespecific variables are measured and the geochemical or isotopic elements of
stream flow are related to basin-scale physical processes and flow paths
(Steele, 1969; Visocky, 1970; Matsubayashi et al., 1993; Stewart et al.,
2007).
This dissertation involves separating the base flow component from
the total discharge of a river or stream located in various physiographic
regions. The objective of this research is to use a mass-balance method by
Stewart et al. (2007) referred to as the conductivity mass-balance (CMB)
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method to derive a new analytical procedure for base flow separation, use it
to evaluate commonly used analytical techniques for base flow separation,
also verify that the CMB can be used with discrete data.
This dissertation is systematically arranged into three fundamental
chapters, each of which is an individual document prepared for publication in
a refereed journal. Therefore, Chapter 2 through Chapter 4, can
understandably be read separately. In Chapter 2, an analytical base flow
separation method was created. This document was submitted to
Groundwater in October 2011, was accepted for publication July 2012. In
Chapter 3, six analytical base flow separation methods are compared to a
mass-balance base flow separation method. This document was submitted to
Journal of Hydrology in August 2015, was accepted for publication January
2016. In Chapter 4, a mass-balance and an analytical base flow separation
method is applied with discrete data instead of continuous data. Chapter 4 is
to be submitted to a refereed journal.
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CHAPTER TWO:
A POWER FUNCTION METHOD OF ESTIMATING BASE FLOW

Note to Reader:
This chapter has been previously published: Lott, D. A., and
Stewart, M. T., 2013, A Power Function Method for Estimating Base
Flow: Groundwater, v. 51, no. 3, p. 442-451. See Appendix A for the
PDF of the published document, Appendix B for the supplemental
materials, and Appendix C to see the permission from the publisher.
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CHAPTER THREE:
BASE FLOW SEPARATION: A COMPARISON OF ANALYTICAL AND
MASS BALANCE METHODS

Note to Reader:
This chapter has been previously published: Lott, D. A., and
Stewart, M. T., 2016, Base flow separation: A comparison of analytical
and mass balance methods: Journal of Hydrology, v. 535, p. 525-533.
See Appendix D for the PDF of the published document, Appendix E for
the supplemental materials, and Appendix F to see the permission
from the publisher.
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CHAPTER FOUR:
BASE FLOW SEPARATION USING PERIODIC GEOCHEMICAL DATA

Darline A. Lott, Mark Rains, and Mark T. Stewart
School of Geosciences, NES 107, University of South Florida, Tampa, FL
33620

Abstract
The ground water (base flow) contribution to stream flow can be
separated from the contribution by run off by using the specific conductance
of stream flow. An earlier study (Lott and Stewart, 2013, Groundwater, 51,
3) uses the specific conductance and discharge data and the log-linear
relationship between them to calibrate an analytical base flow separation
equation. This allows base flow estimation from discharge alone during
periods without specific conductance data. The data from stream gages used
by Lott and Stewart have over two years of continuously collected specific
conductance data, however the norm at stream gage sites is periodic
geochemical data. The basin specific periodic measurements of stream flow
geochemistry that are available for many stream gages, often collected over
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periods of many years can be used in the conductivity mass-balance method
and to calibrate the coefficients of the base flow separation power function
method proposed by Lott and Stewart (2013).The collection and use of
periodic data for base flow separation is more efficient, less costly, and
effective for any activity, such as hydrologic modeling or water resource
management that requires good estimates of base flow.

Introduction
Streamflow is a major source of freshwater for both humans and
ecosystems. An important part of managing streamflow resources is having
good estimates of base flow (Caissie et al., 1996; Yu and Schwartz, 1999;
Spongberg, 2000; Stewart et al., 2007). Base flow is commonly referred to
as the groundwater portion of stream flow (Hewlett and Hibbert, 1967).
Generally, during the dry season, base flow sustains the flow of the stream
(Hall, 1968; Steele, 1968; Halford and Mayer, 2000; Risser et al., 2005;
Rutledge, 2007). An important part of managing freshwater resources is
having good estimates of base flow (Caissie et al., 1996; Yu and Schwartz,
1999; Spongberg, 2000; Stewart et al., 2007).
Most often, base flow is determined by separating total stream flow
into two components, base flow (BF) and runoff (RO). Several different
methods can be implemented to accomplish base flow separation such as
stable isotopes, chemical mass-balance, and analytical methods. Stable
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isotope tracers are widely accepted as a reliable base flow separation
method (Klaus and McDonnell, 2013). However, that method is expensive,
and requires considerable effort and time (Matsubayashi et al., 1993;
Stewart et al., 2007).
Another, less expensive method is the chemical mass-balance method
that calculates each stream flow component from a mass balance equation.
It uses basin-specific variables to identify the various components of stream
flow. The variables are the concentrations of stable geochemical ions in
stream flow (Pinder and Jones, 1969; Nakamura, 1971; Sklash and
Farvolden, 1979; Kish et al., 2010). The concentrations of each geochemical
element is related to the physical processes and flow paths within the basin
(Visocky, 1970). It assumes that each stream flow component has an
identifiable geochemical concentration, and that the concentrations of the
stream flow components remain constant during the observation period.
However, mass-balance methods have traditionally required frequent
(“continuous”) measurement of discharge and ionic concentrations taken at
the same time, making the method difficult to use in long-term studies or
large basins (Stewart et al., 2007). Measurement of (n) geochemical or
isotopic elements of stream flow permits up to (n+1) stream flow
components to be identified (Stewart et al., 2007, Kish et al., 2010).
Nonetheless, many mass-balance base flow separations use two
components, runoff and base flow, which requires tracking only one
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geochemical or isotopic component. Advantages include the reliance on sitespecific variables, specifically the geochemical or isotopic elements of stream
flow that are related to basin-scale physical processes and flow paths
(Steele, 1969; Visocky, 1969; Matsubayashi et al., 1993; Stewart et al.,
2007). Results are therefore useful for exploring hydrological processes
(Gonzalez et al., 2009; Meriano et al., 2011), an added benefit analytical
methods are unable to provide. A key disadvantage of mass-balance
methods is that both the chemical constituent and discharge measurements
must be taken simultaneously, making it a challenging task for prolong
studies and large basins (Stewart et al., 2007).
Analytical methods are the most widely used method for base flow
separation because they require only discharge data (Arnold et al., 1995;
Eckhardt, 2005; Huyck et al., 2005; Lim et al., 2005). However, analytical
methods most often use uncalibrated algorithms that use discharge and
sometimes basin area. Large uncertainties are introduced when an analytical
method is applied without reference to any basin-specific variables other
than discharge and area (Allen et al., 1999; Arnold et al., 2000; Furey and
Gupta, 2001). An assumption is that the base flow hydrograph is a lower
amplitude, lower frequency component of the total stream flow (Nathan and
McMahon, 1990; Arnold et al., 1999; Huyck et al., 2005). Advantages
include using the entire discharge record and replicability (Arnold et al.,
1995; Eckhardt, 2005; Huyck et al., 2005; Lim et al., 2005).
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Many studies have applied the mass-balance approach for base flow
separation using the geochemical variable specific conductance (Pinder and
Jones, 1969; Nakamura, 1971; Caissie et al., 1996). Measuring specific
conductance of stream flow continuously can be done easily, however,
conductivity probes require frequent calibration and maintenance.
Consequently, availability of continuous conductance data at stream gages
is relatively small. A solution to that problem is to use what is most often
available at stream gages, the periodically measured or discrete
geochemical data. This study refer to discrete data as data not collected
continuously over a period of time. The number of streams for which massbalance base flow separation is possible increases if discrete concentration
data can be used. In this study, two base flow separation methods are
applied, a mass-balance method described by Stewart et al. (2007) and an
analytical method reported by Lott and Stewart (2013, 2016), to estimate
base flow for several river basins to demonstrate that these methods can be
reliably administered with discrete water quality data instead of continuous
data which increases the number of streams with completed base flow
separation thus, providing a necessary component to assist in the
management of water resources.
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Methods
Discrete and continuous daily mean discharge data along with specific
conductance data was downloaded from United States Geological Survey’s
(USGS) National Water Information System (NWIS) website,
http://waterdata.usgs.gov/nwis. The period of record used is the period for
which both are available. For each gage the period varied, but it is at least
two years. Several gages were selected, across the conterminous United
States of America, representing various ranges of basin areas, climatic, and
physiographic regions (Table 4.1). All of the selected streams are perennial
streams. Gaging stations influenced by streamflow regulations due to
reservoir releases, hydropower or flood control were excluded from the
base flow analysis.
Base flow separation is acquired by using a mass-balance and an
analytical method, called the conductivity mass-balance (CMB) and the
power function (aQb + cQ) method (PFM), respectively (Stewart et al.,
2007; Lott and Stewart, 2013; Lott and Stewart, 2016). Detailed examples
explaining the application and assumptions of CMB and PFM are in Stewart et
al. (2007) and Lott and Stewart (2013), respectively. The PFM is based on
the CMB. Each base flow separation was performed with continuous and
periodic specific conductance (SC) along with stream discharge (Q). The
calculations were performed by entering the algorithm in a spreadsheet and
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having the output constrained so that the base flow value is not negative or
greater than the total stream flow. A summary of the two methods follows.
The CMB is applied as described in Stewart et al. (2007) with one
exception, discrete data is also used. The CMB uses a two-component mass
balance equation that converts specific conductance to a base flow value.
Base flow was determined using equation (1)

QBF = Q*((Qc – ROc)/ (BFc – ROc))

(1)

where,
QBF = base flow discharge (volume/time),
Q = total stream discharge at time t (volume/time),
Qc = specific conductance of stream flow at time t (μS/cm),
BFc = specific conductance of stream flow at lowest discharges (μS/cm),
ROc = specific conductance of stream flow at highest discharges (μS/cm),

The CMB assumes that each stream flow component has an identifiable
constituent and distinct chemical concentration. Separating base flow (QBF)
from total flow (Q) begins by determining the end members of specific
conductance of the stream flow. End members are the specific conductance
value of stream flow at highest discharge (ROc) and lowest discharge (BFc)
acquired from USGS stream gage discharge records. The end members has
an inverse relationship with discharge. Typically, the highest total dissolved
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solids and fluid conductivity is during periods of lowest flow and are assumed
to be one hundred percent (100%) base flow and specific conductance is at
a maximum. Specific conductance value is at a minimum during high flow
periods, the periods which contain majority runoff. During high stages, base
flows are decreased, therefore it contributes little to stream flow. Over the
observation period, the BFc and ROc components are assumed to remain
constant. Once, ROc and BFc values are determined, the base flow
component, QBF, is averaged for each day over a period of record from
equation (1). Obtaining CMB base flow values from high flows only is not
recommended because a small percentage of total flow is base flow at the
highest discharges and CMB is not very sensitive to the value of ROc (Lott
and Stewart, 2016).
The log-linear relationship of specific conductance and ionic
concentrations to stream discharge is well-known to hydrologists (Steele,
1969; Godsey et al., 2009). Using that relationship, as described by Lott and
Stewart (2013), stream flow conductance is related to discharge with a
power function

Qc = a’Qb’

(2)

where,
Qc = specific conductance of stream flow at time t (μS/cm),
Q = total stream discharge at time t (volume/time),
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and a’ and b’ are calibrated coefficients.

The values of a’ and b’ are obtained by fitting a power (axb) to a plot of
measured specific conductance and discharge. Equation (2) can be
substituted for Qc in equation (1). This yields the power function method
(Lott and Stewart, 2013) and base flow was determined using equation (3).

QBF = aQb + cQ

(3)

where,
a = a’/ (BFc – ROc)

(3a)

b = b’+1

(3b)

c = – ROc / (BFc – ROc)

(3c)

For instance, in Figure 4.1, a log-log plot of discharge and specific
conductance data have been plotted for the Colorado River near Cameo, CO
(USGS gage 09095500). The a’ and b’ values are acquired from the least
squares fit of a power function to the specific conductance and discharge
data with resulting values of a’ and b’ of 164557 and -0.674, respectively.
The negative b’ value indicates that specific conductance decreases with
increasing discharge. The a’ and b’ values can be used to calculate Qc from
discharge values, Q, using equation (2). Once the BFc values have been
determined from highest conductance value and ROc from the lowest
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conductance value (Stewart et al., 2007; Lott and Stewart, 2013) then the
values of the coefficients a, b, and c can be calculated from equations (3a),
(3b), and (3c). These values can then be used in equation (3) to calculate an
estimated base flow at any measured discharge for that stream at that gage
during times when there is no specific conductance data available.
Lott and Stewart (2013, 2016) employed the CMB method in
combination with the analytical power function (aQb + cQ) method (PFM)
pairing continuous measures of specific conductance and discharge data over
numerous rivers. As noted, for single events, the accuracy of PFM is not as
like the CMB or other tracer methods because the coefficients are acquired
from specific conductance over many storm events. The PFM or any other
analytical base flow separation methods are not able to replicate eventspecific suppression of base flow at very high discharges whereas the CMB is
able to do so, therefore analytical methods may overestimate base flow at
high discharges. Nevertheless, the calibrated coefficients of PFM are more
appropriate for assessing base flow contributions over longer periods. Using
the PFM for single events is more justifiable than applying uncalibrated
analytical methods because the PFM coefficients are derived directly from a
basin and gage dependent variable, in this case specific conductance.
Applying PFM with regional-averaged coefficients to discharge records has
the capacity to produce large, unknown errors in the base flow estimation.
Therefore, Lott and Stewart (2013, 2016) concluded base flow calibration
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must be calibrated at each gage, recommending the use of at least two
years of continuous specific conductance data to adjust the three
coefficients, a, b, and c in the PFM.
Unfortunately, geochemical and/or isotopic data tend to be limited, and
there are rarely two full years of continuous data available. Using the
periodic or discrete geochemical streamflow measurements that are available
for many stream gages, often collected over many years, will increase the
number of streams possible for base flow separation. In order to
demonstrate, in this project, that these methods can be reliably administered
with discrete water quality data instead of continuous data, the CMB method
with continuous data is set as the standard method. The geochemical data of
choice is specific conductance. Typically, there are more specific conductance
values available at a gage than for other geochemical data. The base flow
separation process was repeated with both continuous and discrete data for
each stream. SC continuous data is distinguished from discrete or periodic
data by adding the subscript ‘Cont’ and the subscript ‘Per’ that represents
periodic data to the appropriate acronyms, CMB or PFM. Base flow separation
results for periodic SC is compared to the standard method.
Periodic data was acquired in two ways. One way involved using the
continuous data that was downloaded for USGS NWIS website and
systematically removing portions of the data from the hydrograph, thereby
leaving periodic data to be used for hydrographic separation. For example,
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using the continuous data of Long Creek near Myakka City, FL (USGS gage
02298492), a hydrograph is created (Figure 4.2). The hydrograph is used to
determine the boundaries of various flows: the high, mid, and low flows. In
Figure 4.3 (a), all high and mid flow data points were removed from the
continuous data, in Figure 4.3 (b) all low flows and mid-flow data points were
removed, and in Figure 4.3 (c) all mid-flow data points were removed. Each
case leaves periodic data to conduct base flow separation. The second way
involves using the actual field periodic data and it was downloaded from the
USGS NWIS website. In this situation, the periodic data is already provided.
A hydrograph for Long Creek near Myakka City, FL actual field periodic data
is shown in Figure 4.4. The base flow separation was made from the actual
periodic field data and the results are compared to the standard.
Base flow Index (BFI) and the Nash-Sutcliffe Efficiency (NSE)
coefficient are calculated for each stream. BFI is a ratio of average base flow
to average total flow. BFI is a hydrogeological parameter believed to
represent the geological effect of low flows of basins as well as being useful
in modeling un-gaged basins (Gustard et al., 1992; Wahl and Wahl, 1995).
The results of BFI are dimensionless and always vary between 0 and 1. In
this study, the CMB method BFI results of continuous data (CMBCont) are
compared to the BFI results determined by the PFM continuous (PFMCont)
data, CMB periodic (CMBPer) and PFM periodic (PFMPer) data (Table 4.2).
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Nash-Sutcliffe ranges from -∞ to 1 and values 0 to 1 are regarded as
suitable level of performance.

Results
Gage data were from streams displaying different basin areas ranging
from 6 to 24,100 mi2 located in an assorted array of physiographic regions.
The number of discrete data points ranged from 12 to 126 over periods
ranging from 2 to 6 years. The p-values between CMBCont and CMBPer ranged
from <0.0001 to 0.8446 and the coefficient of determination (r2) ranged
from 0.003 to 0.93 (Table 4.2).
Base flow indices (BFI) results of each stream are in Table 4.3. If the
BFI values of the PFMCont are plotted against BFI values of the CMBCont, as
expected most of the values tend to calculate almost the same as the
standard. The coefficient of determination (r2) ranged from 0.45 to 1 for 45100% of the variance accounted for with p<0.0001. The BFI values of PFMPer
model varied from the standard more so than the CMBPer. Even so, both tend
to calculate lower values than the standard BFI results (Figure 4.5 and Table
4.3). The CMBPer coefficient of determination (r2) ranged from 0.003 to 0.93
for 0.3-93% of the variance accounted for with p-values ranging from
<0.0001 - 0.84. The PFMPer coefficient of determination (r2) ranged from
0.23 to 0.90 for 23-90% of the variance accounted for with p-values ranging
from <0.0001 - 0.03 (Table 4.2).
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In Table 4.3, the Nash-Sutcliffe was determined for each of the three
models: the PFMCont, the CMBPer, and the PFMPer. Four out of five NashSutcliffe calculations of the PFMCont and the same for CMBPer produced
acceptable values. The PFMPer produced one out of five suitable results.

Discussion
In this study, it is assumed that mass-balance methods that use direct
measurement of water quality concentration constituents that represent
individual stream flow components, are a practical guide for comparison of
the analytical base flow separation methods. An advantage of the power
function (aQb + cQ) method over other analytical methods, as noted in a
previous article by Lott and Stewart (2016), is that the a, b, and c
coefficients are calibrated to the observed power function relationship of
stream flow conductivity to total discharge at each gage. Because of that
reason, it is expected that the PFM (aQb + cQ) algorithm using continuous
data will closely match the base flow calculated by the CMB method using
continuous data. Direct comparison of the average base flow component
calculated by the CMB method is allowed by the BFI values. Indeed, the BFI
values of the PFMCont and CMBCont are similar (Table 4.3).
However, BFI calculated for the periodic models, CMBPer and PFMPer,
returned relatively lower BFI values than the standard as Figure 4.5 and
Table 4.3 illustrates. Eventhough, the CMBPer and PFMPer BFI values are lower
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than the standard, the comparisons of daily mean base flow of them to
CMBCont are significant for all the rivers but one (Table 4.2). The law of large
numbers suggest that as the number of discrete data points increases, the
results from the discrete data will approach the results from the continuous
data. The gages used in this study have a small number of discrete data
points, four of the five are below 25 data points each. Possibly having more
data points will improve the base flow estimation results. More data points is
substantiated by the BFI of PFMCont as shown in Table 4.3.
In this study, the Nash-Sutcliffe Efficiency (NSE) coefficient was
calculated to indicate which periodic data set would produce good
replications of the continuous data. If any NSE had values between 0 and 1
then it was considered to be an acceptable candidate to replicate the
continuous data and if the value is between 0.5 and 1 that would indicate an
even better performance. The CMBPer had four out of five NSE values that
would be suitable to replicate continuous data and two of the four had an
above 0.5 value. One had a NSE value of 0.86 with 20 data points and the
other 0.88 with 156 data points, this suggest that those two would strongly
replicate continuous data (Table 4.3). So, four out of five can reliably
replicate continuous data.
The NSE values of PFMPer only had one out of five to display acceptable
results that may replicate continuous data. In Table 4.3, PFMPer do closely
follow CMBPer results, therefore it is possible that the PFMPer is much more
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sensitive to the number of data points available between low and high SC
data. Perhaps more data points are likely needed to normalize the base flow
results. If CMBPer closely follows CMBCont, eventually PFMPer will converge or
closely follow CMBCont, it just takes more data points for the trend to develop.
Also, the PFM does not use SC like the CMB, as the CMB uses SC data
directly. The base flow values returned by the PFM uses a culmination of
specific conductance over many storm events created from a linear
regression line for a specific discharge value for that gage and period of
record. This possibly leads to inconsistences of base flow values from PFMPer
data.

Summary
These results show that base flow separation using the PFMCont (aQb +
cQ) produces results similar to base flow separation using the CMBCont. Once
the coefficients, a, b, c are determined for a gage, then base flow separation
can be completed using discharge alone producing values that can be
expected from CMBCont. However, the PFMPer performance is not as well as
CMBPer, it appears the PFMPer is more sensitive to the number of data points..
The paired specific conductance and discharge data points obtained
from periodic measurements of stream flow geochemistry at a stream gage
can be used to estimate base flow using both the CMB and PFM (Stewart et
al. 2007; Lott and Lott 2013) allowing base flow separation for the entire
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period of record for which discharges are available. Periodic data using the
CMB method can be used to estimate base flow. PFM is questionable if it can
replicate continuous data with the same amount of data points as CMBPer,
even though the base flow results from PFMPer are very similar to CMBPer. In
either case, periodic data may underestimate base flow.
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Figure 4.1. Specific conductance and discharge data that have been plotted for Colorado River
near Cameo, CO (USGS gage 09095500).
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Figure 4.2: Hydrograph of Long Creek near Myakka City, FL (USGS gage 02298492) continuous data.
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Figure 4.3: Hydrograph plots of Long Creek near Myakka City, FL (USGS gage 02298492)
with (a) only base flow data points present, (b) only high flow data points present, (c) only
high and low flow data points present.
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Figure 4.4: Hydrograph of Long Creek near Myakka City, FL (USGS gage 02298492) using actual field periodic data from
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Figure 4.5. Comparisons of base flow indices (BFI) to CMBCont-values. Each point
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Table 4.1
Basin areas and geographic regions.
River
Colorado River near Cameo, CO

USGS gage

Drainage area (mi2)

River basin

USA Region

9095500

7,986

Colorado River Basin

Mountain States

Colorado River near Cisco, UT

9180500

24,100

Colorado River Basin

Mountain States

Ocklawaha River near Conner, FL

2240000

1,196

Ocklawaha River Basin

Southern States

Long Creek near Myakka City, FL

2298492

6

Myakka River Basin

Southern States

Sheyenne River near Warwick, ND

5056000

2,070

Sheyenne River Basin

Midwest States

Table 4.2

USGS continuous and periodic field data P-value results using specific conductance. Comparing each daily mean base flow results of
PFMCont, CMBper and PFMper to CMBcont over the period of record. The number of data points and years of record are the same for the
CMBper and PFMper.
PFMCont
River

USGS
Gage

Yr1

N2

CMBPer
r2

P-value

Yr1

PFMPer

N2

r2

P-value

r2

P-value

Long Creek near Myakka City, FL

02298492

4

1466

0.49

<0.0001

3

20

0.91

<0.0001

0.23

0.031643

Ocklawaha River near Conner, FL

02240000

2

868

0.55

<0.0001

2

15

0.003

0.8446

0.60

0.000745

Sheyenne River near Warwick, ND
Colorado River near Cameo, CO

05056000

6

2427

1.00

<0.0001

6

126

0.88

<0.0001

0.540

<0.0001

09095500

2

810

0.70

<0.0001

2

12

0.93

<0.0001

0.896

<0.0001

Colorado River near Cisco, UT

09180500

2

876

0.45

<0.0001

2

18

0.88

<0.0001

0.376

Yr1 - Years of record

N2 - Number of data points

30

0.00688

Table 4.3
Base flow indices for CMB continuous data, PFM continuous data, CMB periodic data and PFM periodic data. BFI of CMB continuous data is the standard.

River
Colorado River near Cameo, CO

USGS
gage

BFI CMBCont

BFI PFMCont (aQb +cQ)

BFI CMBPer

BFI PFMPer (aQb +cQ)

09095500

0.32

0.32

0.30

0.30

Colorado River near Cisco, UT

09180500

0.34

0.34

0.42

0.42

Ocklawaha River near Conner, FL

02240000

0.76

0.76

0.14

0.12

Long Creek near Myakka City, FL

02298492

0.25

0.23

0.11

0.12

Sheyenne River near Warwick, ND

05056000

0.24

0.36

0.23

0.38

Table 4.4

Calculation results of the Nash-Sutcliffe Efficiency (NSE) coefficient for each model. Each model was assessed with the
CMBCont to calculate the results.
River
Colorado River near Cameo, CO

USGS gage

N

9095500

810

Colorado River near Cisco, UT

9180500

876

Ocklawaha River near Conner, FL

2240000

868

Long Creek near Myakka City, FL

2298492

1466

Sheyenne River near Warwick, ND

5056000

2427

PFMCont (aQb +cQ)

N

0.70
0.44
0.55
0.45
-2.30

N - Number of data points
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12
18
15
20
126

CMBPer

0.27
0.36
-53.57
0.86
0.88

PFMPer (aQb +cQ)

0.17
-0.06
-52.58
-1.56
-1.94
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A Power Function Method for Estimating Base
Flow
by Darline A. Lott1 and Mark T. Stewart2

Abstract
Analytical base flow separation techniques are often used to determine the base flow contribution to total
stream flow. Most analytical methods derive base flow from discharge records alone without using basin-specific
variables other than basin area. This paper derives a power function for estimating base flow, the form being
aQb + cQ, an analytical method calibrated against an integrated basin variable, specific conductance, relating
base flow to total discharge, and is consistent with observed mathematical behavior of dissolved solids in stream
flow with varying discharge. Advantages of the method are being uncomplicated, reproducible, and applicable to
hydrograph separation in basins with limited specific conductance data. The power function relationship between
base flow and discharge holds over a wide range of basin areas. It better replicates base flow determined by
mass balance methods than analytical methods such as filters or smoothing routines that are not calibrated to
natural tracers or empirical basin and gauge-specific variables. Also, it can be used with discharge during periods
without specific conductance values, including separating base flow from quick flow for single events. However,
it may overestimate base flow during very high flow events. Application of geochemical mass balance and power
function base flow separation methods to stream flow and specific conductance records from multiple gauges in
the same basin suggests that analytical base flow separation methods must be calibrated at each gauge. Using
average values of coefficients introduces a potentially significant and unknown error in base flow as compared
with mass balance methods.

subsurface flows (groundwater) contribute substantially to
stream discharge during storm events (Sklash and Farvolden 1979), in addition to maintaining stream flow at
low flows. As used in this study, base flow is the groundwater contribution to stream flow, geochemically identified as groundwater by higher ionic concentrations, higher
total dissolved solids content, and higher specific conductance. This includes a significant part of the initial
flush of “old water” that contributes to storm flow under
the rising limb of a storm hydrograph (Pinder and Jones
1969; Nakamura 1971; Sklash and Farvolden 1979; Cey
et al. 1998; Kish et al. 2010). Many studies in recent years
have applied base flow separation techniques to determine
the base flow contribution to stream flow (Olmsted and
Hely 1962; Kunkle 1968; Lee and Risley 2002; Wittenberg 2003; Trommer et al. 2009). Many of these studies
have used analytical base flow separation methods such
as HYSEP (Sloto and Cruse 1997), BFI (Wahl and Wahl
1995), WHAT1 (Lim et al. 2005), digital filters (Nathan

Introduction
Separation of stream flow into base flow and run
off, or quick flow, is an important objective for assessing the effects of water use and climate change on water
resources, and for determining the hydrologic character of
a stream basin. One of the most important findings of
the last few decades in hydrology is the realization that
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and McMahon 1990; Eckhardt 2005) or recession curve
methods (Rutledge and Daniel 1994). Most analytical
methods derive base flow from discharge records alone,
and do not use calibrated, basin-specific variables other
than basin area. Geochemical or natural tracer base flow
separation methods use basin-specific variables and can
identify different sources of stream flow in a basin by
using the concentrations of specific ions or isotopic composition to characterize the source of a particular stream
flow component (Pinder and Jones 1969; Nakamura 1971;
Sklash and Farvolden 1979; Kish et al. 2010). A significant disadvantage of most natural tracers is that water
samples must be collected and analyzed for the appropriate geochemical tracer. This is both impractical and
expensive for developing a long-term record, except for
specific conductance which can be measured continuously and inexpensively (Matsubayashi et al. 1993; Stewart et al. 2007).
Several studies have shown that specific conductance
can be used to separate stream flow components from a
stream hydrograph (e.g. Kunkle 1965; Pinder and Jones
1969; Visocky 1969; Nakamura 1971; Pilgrim et al. 1979;
Caissie et al. 1996; Yu and Schwartz 1999; Pellerin et al.
2008). Kunkle (1965) used specific conductance to differentiate base flow and surface runoff contributions to
a stream. During storm events, specific conductance values decrease at a constant rate until a minimum value
is reached, and that minimum value coincides with peak
discharge as well as being the maximum value for surface runoff (Kunkle 1965; Pinder and Jones 1969). Pilgrim
et al. (1979) show that specific conductance separates old
water and new water by considering the length of time
water has been in contact with the soil. Nakamura (1971)
shows that the surface flow component can be separated
from the total stream flow by using specific conductance
values for surface flow, interflow, and base flow. He concludes that specific conductance of surface water has the
lowest value of the three flow components, and base flow
has the highest value. Stewart et al. (2007) used specific
conductance to calibrate analytical base-flow separation
methods.
Analytical methods use an arbitrary mathematical
function to calculate base flow directly from stream discharge. Most are simple smoothing or filtering routines
(Arnold et al. 1995; Eckhardt 2005; Huyck et al. 2005),
or are based on the questionable recession curve method
(Halford and Mayer 2000). Calibration of analytical base
flow separation methods with geochemical or isotopic
methods is necessary as analytical methods have little or no relationship to basin-specific variables (Nathan
and McMahon 1990; Arnold and Allen 1999; Furey and
Gupta 2001; Huyck et al. 2005; Eckhardt 2008), other
than basin area, and this relationship is uncertain (Stewart
et al. 2007).
Many geological phenomena can be represented by
power functions (Vacher 1999), the general form being
y = ax b
2

(1)

The analytical base flow separation method presented in
this paper uses the power function relationship between
base flow and total discharge, with the values of the
coefficient a and the exponent b calibrated with a geochemical tracer and mass balance method. In this study,
this analytical method is calibrated using a directly measured, integrated basin variable, specific conductance,
and the basin and gauge specific, observed mathematical relationship between base flow and discharge. It is
easily applied using available water quality and discharge
data, is reproducible, and once calibrated is applicable
to hydrograph separation during periods without specific
conductance data.
The following sections discuss the power function
relationship of specific conductance (C) and base flow to
total discharge (Q), the calibration of the power function
coefficient and exponent with geochemical tracers and
the mass balance method, the application of the power
function to discharge over the period of record, and use
of the power function method for hydrograph separation
during single events. The mass balance geochemical tracer
method used to calibrate the analytical method is the
conductivity mass balance method (Pinder and Jones
1969; Sklash and Farvolden 1979; Stewart et al. 2007;
Kish et al. 2010). The discharge and specific conductance
data used in this study are daily averages obtained
from the US Geological Survey (USGS), National Water
Information System (NWIS). All data posted in the NWIS
have been obtained according to USGS standards for
data acquisition and checked for accuracy and consistency
prior to posting. As NWIS discharge and area are in
English units, English units with metric equivalents are
used in this paper for discharge and basin area. Conversion
of 1 ft3 /s is 0.028 m3 /s, 1 mi2 converts to 2.59 km2 , and
1 in. converts to 2.54 cm. The selection of each basin
consisted of 30 years or more of continuous discharge
data, at least two continuous years of specific conductance
data, and excluded basins with upstream discharges
influenced by impoundments or anthropogenic sources.

Power Function Relationships in Hydrology
Power Function Relationship of Stream Geochemistry to
Discharge
The geochemistry of stream flow exhibits a power
function relationship with discharge (Steele 1968; Godsey
et al. 2009). Steele (1968) relates the concentration of
dissolved solids in stream flow to discharge with a power
function, and suggests that once calibrated, the function
can be used to predict the total dissolved load at a gauge
from discharge. Godsey et al. (2009) demonstrate that
the concentrations of common ions in stream flow are
inversely related to discharge (Q), where concentration
C = aQb , or log C = log a + b(log Q), with the exponent
b defining the slope of the concentration-discharge best-fit
line on a log-log plot. For the basins studied by Godsey
et al. (2009), the exponent b is less than 0, indicating that
concentration decreases with increasing discharge.
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considered to be constant for each individual stream gauge
location (Stewart et al. 2007). Daily mean values for C
and Q are used and at least 2 years of C data are preferred
for the analysis. Once values have been determined for
BFc and ROc , the QBF is calculated for each day over a
period of record using a mass-balance approach from the
following equation:

Conductance (µS/cm)

1000

100

QBF = Q
10
100

1000

10,000

100,000

Discharge (ft3/s)

Figure 1. Log-log plot of Tyger River near Delta, South
Carolina (USGS site number 02160105) total discharge and
specific conductance. Data are daily averages from 4/1995
to 5/1999. 1 ft3 /s is approximately 0.028 m3 /s. Contributing
drainage area is 759 mi2 (1965.8 km2 ).

Power Function Relationship of Base Flow to Total
Discharge
As C is related to the total dissolved solids content of
stream flow and the concentration of major ions (Sklash
and Farvolden 1979; Matsubayashi et al. 1993) and the
relationship between ionic concentrations is a straight line
on a log-log plot, it would be expected that a log-log plot
of C vs. Q will be linear (Steele 1968; Godsey et al.
2009), and this is the case for the 61 stream gauges used
in this study, for example, the Tyger River near Delta,
South Carolina (Figure 1).
Fundamentally, the conductivity mass balance (CMB,
Stewart et al. 2007) method is an empirical base flow separation method, in contrast to analytical methods that use
total discharge alone. The CMB method uses direct measurements of a physical basin-specific variable, specific
conductance, which is related to the relative proportions
of the different flow components that contribute to the
total stream flow at the point of measurement (Kunkle
1965; Visocky 1969; Stewart et al. 2007). Also, the CMB
method is consistent with the observed mathematical
behavior of dissolved solids in stream flow with varying
discharge (Steele 1969; Godsey et al. 2009).
End members are base flow conductivity (BFc ) and
surface runoff conductivity (ROc ) estimated from low
flow and high flow C values (Kunkle 1965; Pinder and
Jones 1969; Nakamura 1971; Stewart et al. 2007), respectively, to determine the fraction of total flow that is base
flow (QBF ). At low discharge periods, the period that is
generally considered to be 100% base flow, C is at a maximum, as the groundwater component of stream flow typically has the highest total dissolved solids and fluid conductivity. During high flow discharge periods, the periods
which contain predominately runoff, C is at a minimum.
The assumption is that the conductivities of the base
flow and runoff components remain constant over the
period of observation. Therefore, the values for base
flow and surface run off conductivity can reasonably be

(C − ROc )
(BFc − ROc )

(2)

where QBF is base flow, Q is total discharge, C is specific
conductance, ROc is runoff conductivity, and BFc is base
flow conductivity.
The CMB method can be used to convert specific conductance to a base flow value using a two-component mass
balance calculation (Pinder and Jones 1969; Nakamura
1971; Stewart et al. 2007) as described above. The CMB
method assumes, as natural, environmental, isotopic, or
chemical tracers do, that stream flow components have
distinct chemical constituents and each flow component
chemical constituent has an identifiable concentration
(Steele 1969; Nakamura 1971; Cey et al. 1998, Wagnon
et al. 1998; Stewart et al. 2007; Godsey et al. 2009) in
order to separate the stream hydrograph into two components. Specific conductance is a natural environmental
tracer that is not difficult to measure and can be used inexpensively to separate base flow from total stream flow
(Matsubayashi et al. 1993; Caissie et al. 1996; Stewart
et al. 2007). Caissie et al. (1996) studied both isotopic
and chemical separation techniques and found that specific conductance is the best single parameter to use to
separate base flow from total stream flow.
The lowest specific conductance values over the
period of record represents runoff or quick flow, and
the highest specific conductance represent the base
flow component of stream flow. The two conductance
values are used to estimate base flow for each day,
separating stream hydrograph into two components. Even
though some authors conclude that a significant amount
of groundwater contributes to storm flow during peak
discharge (Visocky 1969; Nakamura 1971; Cey et al.
1998). Kunkle (1965) states, as do others (e.g. Visocky
1969; Nakamura 1971; Cey et al. 1998; Stewart et al.
2007) that using the lowest specific conductance value,
which coincides with peak discharge, gives the maximum
value for ROc that can be used for a particular stream.
Stewart et al. (2007) assume that the lowest conductance
value is a weighted average of all surface water upstream
from the point of measurement, Visocky (1969) assumes
that stream flow at highest discharges is high enough
to temporarily reduce or prevent groundwater discharge.
Nakamura (1971) and Stewart et al. (2007) collected
and measured surface flow and found it to have lower
specific conductance values than interflow and base flow,
and Cey et al. (1998) used oxygen isotopes and specific
conductance to estimate base flow and obtained similar
results from both. Cey et al. (1998) found that surface flow
had the lowest specific conductance value and therefore,
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Figure 2. Log-log plot of Tyger River near Delta, South
Carolina (USGS site number 02160105) conductivity mass
balance (CMB) derived base flow and discharge. Data are
daily averages from 5/1995 to 4/1999 and contributing
drainage area is 759 mi62 (1965.8 km2 ). 1 ft3 /s = 0.028 m3 /s.

the lowest conductance value represents the surface water
component. Stewart et al. (2007) test the sensitivity of
calculated base flow to the value of ROc and conclude
that the calculated base flow is not very sensitive to the
value of ROc selected.
A plot of CMB-derived base flow vs. discharge is
also a straight line on a log-log plot, but with a slope
>0 (Figure 2). The relationship of base flow to discharge,
assuming base flow suppression is negligible (Visocky
1969), can be described by the relationship
QBF = aQb

(3)

where QBF is base flow, Q is total discharge, and a and b
are coefficients, with b being the slope of the best-fit line
on a log-log plot. As an example, Figure 3 is a hydrograph
of Tyger River daily mean discharge, CMB-derived base
flow, and base flow calculated with the calibrated power
function relationship. Calibration is described in more
detail in the next section.

Application of the Power Function Method
of Base Flow Separation
Derivation of Power Function Coefficients from Mass
Balance Methods
To apply the power function method of base flow separation, base flow is first calculated using a geochemical
mass balance method, CMB, as described in the previous
section. In this study, the CMB method was applied at
each gauge over the period of record for which specific
conductance data are available. It is important that specific conductance data be available for both low flow and
high flow periods. The CMB method suggests an equation
for calculation of base flow that has an extra term than
Equation 3. In the CMB method base flow is calculated
4

Figure 3. Hydrograph separations of Tyger River near
Delta, South Carolina (USGS site number 02160105) daily
mean averages of discharge with CMB-derived base flow and
power-function-derived base flow. Contributing drainage
area is 759 mi2 (1965.8 km2 ). 1 ft3 /s = 0.028 m3 /s.

from total discharge by Equation 2. Multiplying,
QBF = Q

Qc
ROc
−Q
BFc − ROc
BFc − ROc

(4)

The specific conductance of stream flow is related to
total discharge as
Qc = a  Qb



(5)

where a  and b are the intercept and slope, respectively, of
a best fit line to a log-log plot of specific conductance vs.
discharge (Steele 1968; Godsey et al. 2009). Substituting
Equation 5 into Equation 4,


QBF = Q

a  Qb
ROc
−Q
BFc − ROc
BFc − ROc

(6)

or,
QBF =

a
ROc

Q1+b −
Q
BFc − ROc
BFc − ROc

(7)

Simplifying,
QBF = aQb + cQ

(8)

where a, b, and c are constants defined as
a=

a
BFc − ROc

b = 1 + b
c=−

ROc
BFc − ROc

(9)
(10)
(11)

[Correction added December 21, 2012: Negative sign
added in front of Equation 11.] As c is negative, the cQ
term reduces base flow at high discharges as compared to
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Figure 4. Cumulative plot of (a) Tyger River near Delta, South Carolina (USGS site number 02160105), (b) Little Manatee
near Wimauma, Florida (USGS site number 02300500), (c) Red River of the North at Grand Forks, North Dakota (USGS
site number 05082500), (d) Fir Creek near Brightwood, Oregon (USGS site number 014179000) CMB-derived and powerfunction-derived (aQ b and aQ b + cQ) base flow after calibration of the a, b, and c values. Data are daily averages. 1 ft3 /s =
0.028 m3 /s and 1 mi2 = 2.59 km2 .

Equation 3. Equation 8 was applied to the stream flow
conductivity records at the gauges used in this study.
Although Equation 8 explicitly includes the straight line
on a log-log plot relationship of stream flow conductance
and discharge, the cumulative base flow calculated from
Equations 3 and 8 over the period of record for specific
conductance is very similar for both Equations 3 and 8,
as illustrated in Figure 4.
In Equation 8, the constants a, b, and c are mathematically determined using Equations 9 through 11 from
a least-square linear regression line fitted to the cloud
of points from log Q vs. log C plot. The y-intercept
and slope of the trend line represent parameter a  and
b , respectively. After daily base flow is determined for
each day, the coefficients are calibrated by adjusting them
to minimize the cumulative error between CMB base
flow and base flow estimated from Equation 8, the Power
Function.
Therefore, the CMB method is used to calibrate the
a, b, and c values and after calibration at a gauge,
the power function can be used to estimate base flow
for the entire discharge record, including periods for
which specific conductance data are not available. For
the Tyger River, Little Manatee River, Red River, and
Fir Creek data (Figure 4) the Nash–Sutcliffe Efficiency

Coefficient (NSEC) for prediction of CMB base flow
using Equation 8 is 0.84, 0.88, 0.52, and 0.84, respectively
(Nash and Sutcliffe 1970).
Application of Power Function Method to Discharge
Records
Figure 4 illustrates the relationship between base flow
calculated with the mass balance and power function
methods for four streams, with basin areas ranging from
5.46 mi2 (14.1 km2 ) to 26,300 mi2 (68,117 km2 ). Clearly,
the power function relationship between base flow and
discharge holds over a wide range of basin areas. While
there is variation in mass-balance calculated base flow
for any given discharge, the straight line on a log-log
plot relationship between base flow and discharge is
clear. The values of the coefficient a and the exponent
b show significant variation between gauges and basins
(Table 1). As an example, the a, b, and c values have
been determined for 21 stream gauges within the Southwest Florida Water Management District (SWFWMD) in
the state of Florida, USA (Figure 5). The intent was to
provide an estimate of base flow to aid in calibration of a
regional groundwater flow model. Hydrologic conditions
are generally similar within the SWFWMD, with very low
relief, low drainage density, and high infiltration rates.
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Weeki Wachee River near Weeki Wachee Springs
Chassahowitzka River near Homosassa
Hillsborough River near Zephyrhills
Rocky Creek at Sr 587
Sulphur Springs at Sulphur Springs
Sulphur Springs Run at Sulphur Springs
Myakka River upstream of Youngs Creek
Myakka River near Myakka City
Long Creek near Myakka City
Maple Creek near Myakka City
Ogleby Creek downstream of Boggy Creek
Coker Creek near Myakka City
Shell Creek near Punta Gorda
Charlie Creek near Gardner
Charlie Creek near Crewsville
Joshua Creek at Nocatee
Prairie Creek near Fort Ogden
Withlacoochee River near Cumpressco
Withlacoochee River near Dade City
Withlacoochee River at Trilby
Withlacoochee River near Holder
Gauges in other parts of the United States of America
Sheyenne River near Cooperstown, ND
Sheyenne River near Warwick, ND
Goose Creek near Huddleston, VA
Goose Creek near Middleburg, VA
Spring Creek near Spring, TX
Spring Creek near Tomball, TX

Site Name

Table 1

8/2006–4/2010
10/2007–3/2010
2/2001–3/2003
4/2002–9/2004
5/1999–3/2010
7/2004–3/2007
3/2006–4/2010
3/2006–10/2008
3/2006–3/2010
6/2009–4/2010
2/2008–4/2010
3/2006–4/2010
10/2005–4/2010
9/2004–6/2005
7/2004–6/2005
12/2001–4/2010
6/2005–2/2006
4/2004–4/2006
7/2004–4/2006
4/2004–3/2006
12/1989–3/1992
1/2005–12/2008
9/1968–5/1975
10/2006–10/2008
3/2007–4/2009
1/1999–12/2000
10/2000–3/2009

5057000
5056000
2059500
1643700
8068500
8068275

Period of Record

2310545
2310650
2303000
2306774
2306000
23060003
2298488
2298554
2298492
2298495
2298527
2298530
2298202
2296500
2296260
2297100
2298123
2310947
2311500
2312000
2313000

USGS Gauges

1.01
0.34
2.20
0.55
2.77
0.54

6.29
2.80
3.01
1.25
0.68
0.40
0.51
0.84
0.73
0.85
0.63
0.65
0.94
1.87
1.02
1.49
3.55
0.45
1.58
4.61
1.52

a Value

0.98
1.00
0.71
0.98
0.64
0.87

0.42
0.60
0.74
0.95
1.05
1.06
1.00
0.92
0.80
0.90
0.78
0.95
0.91
0.84
0.91
0.72
0.71
0.84
0.83
0.61
0.91

b Value

Drainage Basin
Coastal Area from Tampa Bay to Withlacoochee River
Coastal Area from Tampa Bay to Withlacoochee River
Hillsborough River Basin
Hillsborough River Basin
Hillsborough River Basin
Hillsborough River Basin
Myakka River Basin
Myakka River Basin
Myakka River Basin
Myakka River Basin
Myakka River Basin
Myakka River Basin
Peace River Basin
Peace River Basin
Peace River Basin
Peace River Basin
Peace River Basin
Withlacoochee River Basin
Withlacoochee River Basin
Withlacoochee River Basin
Withlacoochee River Basin
Sheyenne River Basin
Sheyenne River Basin
Roanoke River Basin
Potomac River Basin
San Jacinto River Basin
San Jacinto River Basin

c Value
−0.16
−0.38
−0.21
−0.79
−0.39
−0.27
−0.18
−0.35
−0.22
−0.45
−0.10
−0.25
−0.26
−0.34
−0.36
−0.10
−0.27
−0.12
−0.36
−0.19
−0.49
−0.35
−0.11
−0.32
−0.26
−0.08
−0.06

a, b, and c Values of 21 Florida Streams and 6 Other Streams from Across United States of America

Legend
SWFWMD Gages
SWFWMD Boundary
Water Management District Boundaries

Kilometers
0 40 80
160
0

60

120
Miles

240

Figure 5. Location of SWFWMD stream gauges.

However, comparison of cumulative base flow calculated
with gauge-specific a, b, and c values with cumulative
base flow calculated with average values for all gauges
shows significant error when average values are used
(Table 2). The percent error between cumulative base
flows calculated with gauge-specific and regional averages
(Avg) of a, b, and c values ranges from nearly 0% to

as high as 485%. This also applies to the gauges on
the same river. This suggests that applying regionally
averaged coefficients or uncalibrated analytical methods
to discharge records at a specific gauge may result in
potentially large, but unknown, errors in the estimation
of base flow.
For stream gauges influenced by spring flow, the specific conductance vs. discharge plot may display a nearly
horizontal segment at low flows (Figure 6). This represents the nearly constant specific conductance of the
spring discharge, which is groundwater. In this case, two
lines are fitted to the conductivity stream flow plot. The
horizontal line at low flows represents spring flow. A sloping line is fitted for discharges greater than a critical discharge, Qc . Qc is the discharge value at which the spring
flow line and the high discharge line cross. The hydraulic
significance of this plot is that for discharge values <Qc ,
all discharge is assumed to be base flow or spring flow.
As a result, the exponent b in the power function (aQb )
is equal to 1 until the critical discharge is exceeded.

Use of Power Function for Single Events
The CMB method is a mass balance tracer method,
and can be used to separate base flow from quick flow for

Table 2
Comparison of Cumulative Base Flow Discharge Between Calculations Using Regional Average and
Gauge-Specific a, b, and c Values

Stream Name
Weeki Wachee River near Weeki Wachee Springs, FL
Chassahowitzka River near Homosassa, FL
Hillsborough River near Zephyrhills, FL
Rocky Creek at Sr 587, FL
Sulphur Springs at Sulphur Springs, FL
Sulphur Springs Run at Sulphur Springs, FL
Myakka River upstream of Youngs Creek, FL
Myakka River near Myakka City, FL
Long Creek near Myakka City, FL
Maple Creek near Myakka City, FL
Ogleby Creek downstream of Boggy Creek, FL
Coker Creek near Myakka City, FL
Shell Creek near Punta Gorda, FL
Charlie Creek near Gardner, FL
Charlie Creek near Crewsville, FL
Joshua Creek at Nocatee, FL
Prairie Creek near Fort Ogden, FL
Withlacoochee River near Cumpressco, FL
Withlacoochee River near Dade City. FL
Withlacoochee River at Trilby, FL
Gauges in other parts of the United States of America
Sheyenne River near Cooperstown, ND
Sheyenne River near Warwick, ND
Goose Creek near Huddleston, VA
Goose Creek near Middleburg, VA
Spring Creek near Spring, TX
Spring Creek near Tomball, TX

USGS Gauges

Gauge-Specific
Base Flow (ft3 /s)

Regional Avg.
Base Flow (ft3 /s)

% Error

2310545
2310650
2303000
2306774
2306000
23060003
2298488
2298554
2298492
2298495
2298527
2298530
2298202
2296500
2296260
2297100
2298123
2310947
2311500
2312000

38, 833
27, 651
77, 190
5626
39,711
5325
6398
11,876
2012
365
2643
7022
108,956
27,620
23,991
81,616
28,711
7052
32,612
52,692

78, 441
28,481
55,894
14,934
63,974
16,526
13,205
24,252
6801
1364
12,753
15,406
111,240
27,664
30,103
296,921
29,279
41,258
47,884
74,187

102
3
28
165
61
210
106
104
238
273
382
119
2
0
25
264
2
485
47
41

5057000
5056000
2059500
1643700
8068500
8068275

116,163
40,199
15,733
13,753
39,835
69,497

862,578
69,531
25,833
19,046
55,974
110,537

26
73
64
38
41
59
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Figure 6. Example of a gauge influenced by spring discharge
(Hillsborough River near Zephyrhills, Florida, USGS site
number 02303000). Contributing drainage area 220 mi2
(569.8 km2 ). 1 ft3 /s = 0.028 m3 /s.

single storm events (Kish et al. 2010). The aQb + cQ
equation can also be used to separate base flow from
quick flow for single events once calibrated by a mass
balance method (Figure 7). This allows an estimate of
base flow discharge during storm events to be made for
periods when specific conductance data are not available.
However, as the a, b, and c coefficients are averages over
the specific conductance period of record at a particular
gauge, and an average for many storm events, caution,
the aQb + cQ equation is not as accurate as a mass
balance method for single events. Therefore, the calibrated
coefficients are better suited for assessing base flow
contributions over longer periods of base flow than for a
single storm event. The mass balance method uses actual
specific conductance values during a storm event, rather
than averages over many events.
One of the noticeable differences between base flow
estimates obtained with the mass balance and aQb + cQ
methods when applied to single events is at very high
discharges. The mass balance method suggests that at
(a)

high discharges high stream stages suppress base flow
discharge, as high river stages can exceed water table
elevations (Stewart et al. 2007). This effect has been
described analytically (Cooper and Rorabaugh 1963) and
is the basis for simulating aquifer-stream interactions
in numerical modeling codes (McDonald and Harbaugh
1988). This effect can be noted both on POR base flow
vs. discharge plots (Figure 2), and plots for high discharge
periods (Figure 7a) or single events (Figure 7b). Because
the aQb + cQ method applies a nearly straight line on a
log-log plot relationship between base flow and discharge
with a slope >0, this method can overestimate base flow
during some high discharge events or periods. It should
be noted that other commonly used analytical base flow
separation methods would also not be able to predict base
flow suppression at high discharges, as the magnitude of
the suppression of base flow during high stream stages is
event specific.

Conclusions
Streams have relatively constant relationships between ionic concentrations, specific conductance and base
flow (Sklash and Farvolden 1979, Matsubayashi et al.
1993, Stewart et al. 2007), and the empirical, basinderived, evidence is that streams have a straight line on a
log-log plot relationships between ionic concentrations,
specific conductance, base flow, and total discharge
(Steele 1969; Stewart et al. 2007; Godsey et al. 2009).
Geochemical and isotopic mass balance methods, such
as the CMB method, can be extended to periods of
record that do not have specific conductance or other
geochemical tracer data available using a fitted function
with the form aQb + cQ, analytically relating base flow to
discharge. This analytical method can be calibrated against
a basin variable, specific conductance, which is basin
and gauge specific. In this sense, the aQb + cQ function,
calibrated with a mass balance method, is more likely to
(b)
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Figure 7. Suppression of base flow at high discharge values for a high flow period in 1991 at (a) Withlacoochee River near
Holder, Florida (USGS site number 0213000) contributing drainage area 1825 mi2 (4726.8 km2 ) and for an event in 1999 at
(b) Scioto River near Prospect, Ohio (USGS site number 03219500) contributing drainage area 567 mi2 (1468.5 km2 ). 1 ft3 /s
= 0.028 m3 /s.
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provide realistic base flow values than other analytical
methods, such as filters or smoothing routines, that are
not calibrated to a natural tracer or another empirical,
basin- and gauge-specific determination of base flow. The
term cQ in equation aQb + cQ is negative (Equation 8)
and may predict base flow suppression at high discharges.
However, as the magnitude of the suppression of base flow
during high stream stages is event specific. Equation 8
is not as sensitive to base flow suppression as the
CMB method. Application of the mass balance and
power function (aQb + cQ) methods to stream flow and
specific conductance records from 21 gauges in west
central Florida and gauges in the same basin suggests
that base flow separation methods must be calibrated at
each stream gauge, even for gauges in the same basin.
For example, the Withlachoochee River, Florida, Goose
Creek, Virginia, Spring Creek, Texas, and Sheyenne River,
North Dakota have multiple gauges on the same river
(Tables 1 and 2) and yield varying values for a, b, and
c between gauges in the same basin. Application of
regionally-averaged coefficients or uncalibrated analytical
methods to discharge records at a specific gauge may
result in potentially large, but unknown, errors in the
estimation of base flow.
The mass balance derived power function (aQb + cQ)
relationship between base flow and discharge holds over
a very wide range of basin areas. However, it is not as
accurate as the CMB or other natural tracer methods for
single events. The CMB method suggests that there is an
event-specific suppression of base flow at very high discharges. Neither the power function (aQb + cQ) method
nor other analytical base flow separation methods effectively simulate this effect. As a result, analytical methods may overestimate base flow at high discharges. The
Nash–Sutcliffe Efficiency Coefficient values that measure
the ability of the power function to predict the mass balance base flow values are negative for 11 of the 61 gauges
analyzed in this study. This suggests that for some basins
and gauges, the power functions, and likely other analytical methods, are not good predictors of base flow as
obtained from mass balance methods. Without the mass
balance estimates of base flow for error analysis, these
basins and gauges could not be identified.
Although the power function (aQb + cQ) method
can be applied to single storm events, there should be
caution as the coefficients are obtained from stream flow
conductance measurements obtained over many storm
events, the calibrated coefficients are more appropriate
for assessing base flow contributions over longer periods
than a single storm. However, as the power function
coefficients are derived directly from a basin and gauge
dependent variable, specific conductance, use of the power
function method for single storm events is more justified
than the application of uncalibrated analytical methods,
which are the commonly used alternative to detailed tracer
studies.
Basin names, numbers, areas, and results of analysis
for all gauges used in this study are included in Supporting
Information Table S1.
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SUPPLEMENTARY TABLE 1
Stream names, locations, station numbers, and results of analysis for 61 United States Geological Survey stream gages across conterminous USA
Nash-Sutcliffe
Efficiency
Coefficient (Ef)

USGS Site
Period of Record
ID number

Drainage
2
Area (mi )

Drainage
2
Area (km )

a-value

b-value

c-value

Alcovy River at New Hope Road Near Grayson, GA
South River at Klondike Road, Near Lithonia, GA
Peachtree Creek at Atlanta, GA

02208150
02204070
02336300

3/2001 - 3/2009
6/2000 - 3/2009
5/2007 - 5/2009

30.8
182.0
86.8

79.8
471.4
224.8

3.32
7.11
1.47

0.71
0.51
0.87

-0.49
-0.12
-0.39

0.16
-0.08
0.53

Sussex

Nanticoke River Near Bridgeville, MD

01487000

8/2007 - 1/2010

75.4

195.3

Rockingham
Botetourt
Fluvana
Amelia
Brunswick
Loudoun
Fairfax
Madison
Bedford
Campbell
Russell
Lee

North Fork Shenandoah River at Cootes Store, VA
Craig Creek at Parr, VA
Hardware River below Briery Run near Scottsville, VA
Appomattox River at Mattoax, VA
Nottoway River near Rawlings, VA
Goose Creek near Middleburg, VA
Difficult Run near Great Falls, VA
Robinson River near Locust Dale, VA
Goose Creek near Huddleston, VA
Big Otter River near Evington, VA
Clinch River at Cleveland, VA
Powell River near Jonesville, VA

01632000
02018000
02030000
02040000
02044500
01643700
01646000
01666500
02059500
02061500
03524000
03531500

3/2007 - 3/2009
1/2007 - 3/2009
9/2006 - 9/2008
2/2007 - 4/2009
10/2006 - 10/2008
3/2007 - 4/2009
9/2006 - 4/2009
9/2006 - 10/2008
10/2006 - 10/2008
10/2006 - 10/2008
3/2007 - 5/2010
3/2007 - 6/2009

210.0
329.0
116.0
725.0
317.0
122.0
57.8
179.0
188.0
315.0
533.0
319.0

543.9
852.1
300.4
1,877.8
821.0
316.0
149.7
463.6
486.9
815.9
1,380.5
826.2

2.23
1.61
2.47
1.75
2.47
0.61
0.55
0.12
1.80
2.20
0.68
1.74
3.06

0.90
0.78
0.63
0.90
0.83
0.89
0.98
0.96
0.88
0.71
0.85
0.91
0.76

-0.79
-0.19
-0.12
-0.56
-0.51
-0.20
-0.26
-0.03
-0.62
-0.32
-0.18
-0.67
-0.32

0.57
0.69
0.45
0.55
0.78
0.97
-0.87
0.06
0.57
-0.67
0.29
0.75
0.69

Pasco

Anclote River near Elfers, FL

02310000

12/1962 - 12/1978

72.5

187.8

1.48

0.64

-0.10

0.38

Hillsborough
Hillsborough
Lake
Marion
Hardee
DeSoto
Desoto
Kenton
Kenton
Union
Union

Hillsborough River near Zephyrhills, FL
Little Manatee River near Wimauma, FL
Big Creek near Clermont, FL
Ocklawaha River near Conner, FL
Peace River at Zolfo Springs, FL
Horse Creek near Arcadia, FL
Joshua Creek at Nocatee, FL
Banklick Creek at Highway 1829 near Erlanger, KY
Cruises Creek at Hwy 17 near Piner, KY
Tyger River near Delta, SC
Enoree River at Whitmire, SC

02303000
02300500
02236500
02240000
02295637
02297310
02297100
03254550
03254480
02160105
02160700

2/2001 - 3/2003
9/1970 - 2/1973
1/1982 - 6/1985
3/1986 - 8/1988
9/1964 - 9/1967
10/1964 - 9/1967
12/2001 - 4/2010
2/2000 - 3/2009
12/2000 - 3/2009
4/1995 - 5/1999
5/2002 - 7/2006

220.0
149
68
1,196
862.0
218.0
132
30.0
18.0
759.0
444.0

569.8
385.9
176.1
3,097.6
2,232.6
564.6
341.9
77.7
46.6
1,965.8
1,150.0

3.00
0.61
0.61
6.87
5.01
0.60
1.49
0.53
0.68
6.16
3.80

0.74
0.83
0.91
0.84
0.66
0.74
0.72
0.94
1.07
0.70
0.70

-0.21
-0.08
-0.31
-1.52
-0.19
-0.06
-0.10
-0.15
-0.46
-0.35
-0.26

0.30
0.88
0.32
0.55
0.61
0.25
0.66
0.51
-1.20
0.84
0.68

1.59
2.04
4.72
3.22
0.66
1.65

0.64
0.88
0.76
0.81
0.92
0.88

-0.42
-0.93
-0.68
-0.67
-0.27
-0.28

0.16
0.84
0.47
0.13
0.28
-0.68

4.09
0.24

0.61
0.96

-0.32
-0.08

0.54
0.52

1.01

0.98

-0.35

0.59

0.34
1.46
2.77
1.44
0.54

1.00
0.88
0.64
0.62
0.87

-0.11
-0.33
-0.08
-0.03
-0.06

-0.15
0.64
0.68
0.43
0.49

6.29

0.42

-0.16

-0.004

2.80
17.5
45.3
1.25
Indeterminate Indeterminate 0.68
Indeterminate Indeterminate 0.40
29.2
75.6
0.51
Indeterminate Indeterminate 0.84
6.05
15.7
0.73
3.93
10.2
0.85
8.71
22.6
0.63
6.59
17.1
0.65
373
966.1
0.94
330
854.7
1.87
192
497.3
1.02
233
603.5
3.55
280
725.2
0.45
390
1,010.1
1.58
570
1,476.3
4.61
1,825
4,726.8
1.52

0.60
0.95
1.05
1.06
1.00
0.92
0.80
0.90
0.78
0.95
0.91
0.84
0.91
0.71
0.84
0.83
0.61
0.91

-0.38
-0.79
-0.39
-0.27
-0.18
-0.35
-0.22
-0.45
-0.10
-0.25
-0.26
-0.34
-0.36
-0.27
-0.12
-0.36
-0.19
-0.49

0.004
0.66
0.69
0.54
-0.31
0.51
0.35
0.50
0.29
-0.79
-0.37
0.21
0.46
0.61
0.83
0.41
0.70
-0.20

County
Gwinnett
DeKalb
Fulton

Stream Name

Nevada

Sagehen Creek near Truckee, CA

10343500

1/2002 - 12/2003

10.5

27.2

Multnomah
Marion
Marion
Jackson
Reno

Fir Creek near Brightwood, OR
Breitenbush River Above French Creek near Detroit, OR
Little North Santiam River Near Mehama, OR
Little Blue River near Lake City, MO
North Fork Ninnescah River above Cheney Reservoir, KS

014138870
014179000
014182500
06894000
07144780

1/2000 -11/2006
1/2001 - 12/2002
1/2004 - 12/2005
1/2008 - 12/2009
1/2001 - 12/2002

5.46
108.0
112.0
184
550

14.1
279.7
290.1
476.6
1,424.5

Florence

Popple River near Fence, WI

04063700

8/2007 - 12/2009

139.0

360.0

Grand Forks

Red River of the north at Grand Forks, ND

05082500

7/2007 - 12/2008

26,300.0

68,117.0

Griggs

Sheyenne River near Cooperstown, ND

05057000

1/2005 - 12/2008

1,270

3,289.3

Eddy

Sheyenne River near Warwick, ND

05056000

9/1968 - 5/1975

760.0

1,968.4

Delaware
Montgomery
Montgomery
Montgomery

Scioto River near Prospect, OH
Spring Creek near Spring, TX
Panther Branch at Gosling Road, The Woodlands, TX
Spring Creek near Tomball, TX

03219500
08068500
08068400
08068275

1/1999 - 12/2000
1/1999 - 12/2000
2/1999 - 3/2009
10/2000 - 3/2009

567
409.0
25.9
186.0

1,468.5
1,059.3
67.1
481.7

Hernando

Weeki Wachee River near Weeki Wachee Springs, FL

02310545

8/2006 - 4/2010

Indeterminate Indeterminate

Citrus

Chassahowitzka River near Homosassa,FL

02310650

10/2007 - 3/2010

Indeterminate Indeterminate

Hillsborough
Hillsborough
Hillsborough
Manatee
Manatee
Manatee
Manatee
Manatee
Manatee
Charlotte
Hardee
Hardee
Desoto
Pasco
Pasco
Hernando
Marion

Rocky Creek at SR 587, FL
Sulphur Springs at Sulphur Springs, FL
Sulphur Springs Run at Sulphur Springs, FL
Myakka River Upstream of Youngs Creek, FL
Myakka River near Myakka City, FL
Long Creek near Myakka City, FL
Maple Creek near Myakka City, FL
Ogleby Creek Downstream of Boggy Creek, FL
Coker Creek near Myakka City, FL
Shell Creek near Punta Gorda, FL
Charlie Creek near Gardner, FL
Charlie Creek near Crewsville, FL
Prairie Creek near Fort Ogden, FL
Withlacoochee River near Cumpressco, FL
Withlacoochee River near Dade City, FL
Withlacoochee River at Trilby, FL
Withlacoochee River near Holder, FL

02306774
02306000
23060003
02298488
02298554
02298492
02298495
02298527
02298530
02298202
02296500
02296260
02298123
02310947
02311500
02312000
02313000

4/2002 - 9/2004
5/1999 - 3/2010
7/2004 - 3/2007
3/2006 - 4/2010
3/2006 - 10/2008
3/2006 - 3/2010
6/2009 - 4/2010
2/2008 - 4/2010
3/2006 - 4/2010
10/2005 - 4/2010
9/2004 - 6/2005
7/2004 - 6/2005
6/2005 - 2/2006
4/2004 - 4/2006
7/2004 - 4/2006
4/2004 - 3/2006
12/1989 - 3/1992
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•
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s u m m a r y
Base flow is the ground water contribution to stream flow. Many activities, such as water resource management, calibrating hydrological and climate models, and studies of basin hydrology, require good estimates of base flow. The base flow component of stream flow is usually determined by separating a stream
hydrograph into two components, base flow and runoff. Analytical methods, mathematical functions or
algorithms used to calculate base flow directly from discharge, are the most widely used base flow separation methods and are often used without calibration to basin or gage-specific parameters other than
basin area. In this study, six analytical methods are compared to a mass balance method, the conductivity
mass-balance (CMB) method. The base flow index (BFI) values for 35 stream gages are obtained from each
of the seven methods with each gage having at least two consecutive years of specific conductance data
and 30 years of continuous discharge data. BFI is cumulative base flow divided by cumulative total
discharge over the period of record of analysis. The BFI value is dimensionless, and always varies from
0 to 1. Areas of basins used in this study range from 27 km2 to 68,117 km2.
BFI was first determined for the uncalibrated analytical methods. The parameters of each analytical
method were then calibrated to produce BFI values as close to the CMB derived BFI values as possible.
One of the methods, the power function (aQb + cQ) method, is inherently calibrated and was not recalibrated. The uncalibrated analytical methods have an average correlation coefficient of 0.43 when compared to CMB-derived values, and an average correlation coefficient of 0.93 when calibrated with the
CMB method. Once calibrated, the analytical methods can closely reproduce the base flow values of a
mass balance method. Therefore, it is recommended that analytical methods be calibrated against tracer
or mass balance methods.
Ó 2016 Elsevier B.V. All rights reserved.

1. Introduction

as containing higher ionic concentrations, higher total dissolved
solids, and higher specific conductance than interflow or surface
flow (Kunkle, 1965; Visocky, 1970; Nakamura, 1971; Pilgrim
et al., 1979; Cey et al., 1998; Matsubayashi et al., 1993; Stewart
et al., 2007; Pellerin et al., 2008).
Many methods have been proposed for separating the base flow
component from total stream flow. The most widely used methods
of separating a stream hydrograph into two components, base flow
and runoff, are analytical filtering or smoothing methods. These
methods assume that the base flow hydrograph is a lower amplitude, lower frequency component of the total stream flow hydrograph. Filtering or smoothing methods are similar to signal
processing (Nathan and McMahon, 1990; Arnold and Allen, 1999;
Huyck et al., 2005). Their advantages are ease of automation, replication of results (Arnold et al., 1995; Eckhardt, 2005; Huyck et al.,
2005; Lim et al., 2005), and that the entire discharge record can be
used. However, most analytical methods are uncalibrated mathematical functions or algorithms that calculate base flow directly

Managing water resources, determining available irrigation
supply and water quality, allocating water for cooling, recreation,
and navigation, calibrating hydrological and climate models, and
assessing ecosystem productivity are all activities that require
good estimates of base flow (Caissie et al., 1996; Yu and
Schwartz, 1999; Spongberg, 2000; Stewart et al., 2007). Base flow
is the ground water contribution to total stream flow (Hewlett
and Hibbert, 1967). Importantly, it sustains stream flow during
low rainfall periods (Hall, 1968; Steele, 1968; Nathan and
McMahon, 1990; Arnold et al., 1995; Yu and Schwartz, 1999;
Halford and Mayer, 2000; Risser et al., 2005; Rutledge, 2007). Several authors have shown that base flow is geochemically identified
⇑ Corresponding author. Tel.: +1 (813) 974 2236; fax: +1 (813) 974 2654.
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from stream discharge (Arnold et al., 1995; Eckhardt, 2005; Huyck
et al., 2005) and they are typically applied without reference to any
hydrological basin variable other than discharge or basin area
(Nathan and McMahon, 1990; Arnold and Allen, 1999; Arnold
et al., 2000; Furey and Gupta, 2001; Huyck et al., 2005; Eckhardt,
2008). This study examines how well analytical methods can
duplicate the base flow indices obtained from a mass balance
method, and if that agreement can be improved by calibrating
the analytical methods with mass balance data.
1.1. Mass-balance methods
Stable isotope tracers are commonly used to trace the different
water pathways during a storm (Sklash and Farvolden, 1979) and
are considered to be the best geochemical method for hydrograph
separation (Klaus and McDonnell, 2013). However, isotopic analyses can be very laborious and expensive, especially for long term
study (Matsubayashi et al., 1993; Stewart et al, 2007). An alternative is environmental tracer methods, also called mass-balance
methods, which assume that stream flow components have identifiable isotopic or geochemical concentrations. The isotopic or geochemical concentration of stream flow at a given time allows the
contribution of each component to stream flow to be determined
through a simple mass balance equation. Measurement of (n) isotopic or geochemical constituents of stream flow allows up to
(n + 1) stream flow components to be identified (Stewart et al.,
2007; Kish et al., 2010). However, most mass balance base flow
separations use two flow components, base flow and runoff, which
requires monitoring only one isotopic or geochemical component.
The advantage of the mass balance method is that site-specific
variables are measured and the chemical or isotopic constituents
of stream flow are related to physical processes and flow paths
within a basin (Visocky, 1970; Steele, 1968; Matsubayashi et al.,
1993; Stewart et al., 2007). They are a useful tool for investigating
hydrological processes (Meriano et al., 2011) because they offer the
possibility of gaining a better understanding of the runoff generation process (Gonzales et al., 2009), whereas analytical base flow
separation methods do not. In order to separate the stream hydrograph these methods assume that stream flow components have
distinct chemical constituents and each flow component chemical
constituent has an identifiable concentration (Cey et al., 1998;
Wagnon et al., 1998; Stewart et al., 2007). The principal disadvantage of mass balance methods is that discharge and chemical constituent measurements must be taken concurrently, making it a
difficult task for large basins and long-term studies (Stewart
et al., 2007) as well as being expensive.
There has been one previous study that compares analytical and
tracer methods (Gonzales et al., 2009). They conclude that the
BFImax parameter of the Eckhardt filter can be calibrated with tracer methods. Also, they compare different analytical methods
using the direct runoff ratio, which is the ratio of direct runoff to
total discharge. Other studies (Stewart et al., 2007; Zhang et al.,
2013; Miller et al., 2015), either compare or calibrate one or two
analytical hydrograph separation methods to a tracer or mass
balance method.
1.2. Specific conductance as a tracer
Specific conductance is a natural environmental tracer that can
be inexpensively measured concurrently with stream flow measurements (Kunkle, 1965; Matsubayashi et al., 1993; Arnold
et al., 1995; Caissie et al., 1996; Cey et al., 1998; Heppell and
Chapman, 2006; Stewart et al., 2007; Pellerin et al., 2008). Specific
conductance of stream flow is highly correlated with total dissolved solids (TDS) (Steele, 1968; Thomas, 1986; Kappel et al.,
2012), so specific conductance can be used as a proxy for ionic

concentration. However, the exact numerical relationship between
specific conductance and TDS is gage and basin specific (Steele,
1968; Thomas, 1986). Studies spanning five decades have used
specific conductance for hydrograph separation (Kunkle, 1965;
Visocky, 1970; Nakamura, 1971; McNamara et al., 1997; Pilgrim
et al., 1979; Matsubayashi et al., 1993; Caissie et al., 1996; Cey
et al., 1998; Hayashi et al., 2004; Stewart et al., 2007; Pellerin
et al., 2008; Penna et al., 2015). In this study, a two end-member
mass balance method that uses specific conductance, the conductivity mass-balance (CMB; Stewart et al., 2007), is used as a proxy
for all mass balance methods to compare results of uncalibrated
and calibrated analytical techniques to it. The CMB represents
the mass balance approach; it is set as the standard for comparison
to the results of common analytical methods as well as, being used
to calibrate analytic base flow separation strategies. Both, CMB and
analytical techniques, can separate stream flow into two components, base flow and runoff or quick flow therefore, pairing the
two allow a direct comparison.
The objective of this research is to determine the utility of the
CMB method for calibrating a variety of analytical methods. However, different geochemical tracers can yield different results,
thereby leading to uncertainties in the mass balance methods
and the calibration of the analytical methods. Mass balance methods can be used with any conservative natural tracer. If geochemical data other than specific conductance are available, it is
recommended to have more natural tracers compared for consistency in data (Laudon and Slaymaker, 1997; Klaus and
McDonnell, 2013; Hayashi et al., 2004; Penna et al., 2015). Even
though, specific conductance behaves as a non-conservative, as
(Pilgrim et al., 1979;
do some ions such as Ca+ and SO2
4
Matsubayashi et al., 1993; Laudon and Slaymaker, 1997; Mul
et al., 2008; Pellerin et al., 2008; Klaus and McDonnell, 2013), some
studies have found that specific conductance can be a good surrogate for isotopes (McNamara et al., 1997; Matsubayashi et al.,
1993; Pellerin et al., 2008; Klaus and McDonnell, 2013) and differences in the results of specific conductance and isotope-based
hydrograph separation are usually similar (McNamara et al.,
1997; Pellerin et al., 2008). Also, the measurements are inexpensive compared to natural tracers or major ions; in addition, it is
commonly monitored continuously in stream water. For those reasons, specific conductance has been used in this comparison.

2. Methods
This study uses data from 35 stream gages distributed across
the United States of America. Basins were selected that represent
a large range of basin areas and physiographic and climatic regions.
All streams used for the comparison are perennial streams, with
basin areas ranging from 27 km2 to 68,117 km2. Each gage has at
least two years of continuous specific conductance data and at
least 30 years of continuous discharge data with two of those discharge years paired with specific conductance data. We excluded
gages influenced by upstream discharges affected by anthropogenic sources and impoundments to minimize uncertainties,
and potential errors caused by highly soluble materials such as
evaporates or deicing salts. In this study, all discharge and specific
conductance data are daily mean values retrieved from the United
States Geological Survey’s (USGS) National Water Information System (NWIS) website, http://waterdata.usgs.gov/nwis. For each set
of stream gage data the period of record used is the period for
which both discharge and specific conductance data are available.
This period varies between gages, but is at least two years. For each
gage, the same period of record for analysis was used with each
base flow separation method.
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Table 1
Base flow separation methods: six analytical and one mass-balance method.
Name

Equations

Source

Conductivity mass
balance (CMB)
Power function

5. QBF = Q ⁄ (Qc  ROc)/(BFc  ROc)

HYSEP (sliding
interval)
HYSEP (fixed
interval)
WHAT1

7. QBF = 0.5(2N⁄1) days

Stewart et al.
(2007)
Lott and
Stewart
(2013)
Sloto and
Crouse (1996)
Sloto and
Crouse (1996)
Lim et al.
(2005)

6. QBF = aQb + cQ

8. QBF = 2N⁄ days

BFI method 1 (BFI1)

9. QBFk = ((1  BFImax)a
+ QBFk1 ⁄ (1a) ⁄ BFImax ⁄ Qk)/
(1aBFImax)
10. QBF/Q

BFI method 2 (BFI2)

11. QBF/Q

Wahl
Wahl
Wahl
Wahl

and
(1995)
and
(1995)

Q = total discharge of stream flow.
QBF = base flow.
a = recession constant.
k = time step number.
Qc = specific conductance of stream flow.
BFc = stream flow specific conductance at lowest flows.
ROc = stream flow specific conductance at highest flows.
N = number of days after peak of hydrograph runoff ceases.
N⁄ = odd integer closest to N.
BFImax = maximum base flow index, determined daily.

In Table 1, the representative equations are given for the seven
base-flow separation methods. For the two HYSEP and two BFI
methods, the base flow hydrograph is constructed from selected
minima on the discharge hydrograph within an interval determined by N, and not from an equation, as with the CMB, power
function (aQb + cQ), and WHAT1. N is the number of days for runoff
to cease after the peak discharge and all discharge is base flow
(Linsley et al., 1949; Sloto and Crouse, 1996; Stewart et al.,
2007). For four of the seven base flow separation methods calculations of base flow were performed by entering the appropriate
algorithms in a spreadsheet. The four methods are: CMB, power
function (aQb + cQ), HYSEP sliding-interval, and HYSEP fixed interval. The output is constrained so that the value of the separated
base flow component is not negative or greater than the total
stream flow. Three of the seven base flow separation methods
are calculated by publically-available computer codes. The WHAT1
base flow separation method is automatically calculated by the
Web-based Hydrograph Analysis Tool (WHAT1, http://engineering.purdue.edu/~what) and the Standard Institute of Hydrology
method (BFI1) and the modified version of Standard Institute of
Hydrology method (BFI2) are determined using the BFI program
(www.usbr.gov/pmts/hydraulics_lab/twahl/bfi/). It should be
noted that WHAT1 is an automated version of the Eckhardt
(2005) filter method and there is an option to use a BFImax
Genetic-Algorithm module that is integrated in WHAT1 system
that optimizes the BFImax values and filter parameter of the Eckhardt filter equation (Lim et al., 2010). The optimizing module
was not used in this comparison as this study calibrates the analytical methods against the mass balance method.
The CMB method converts specific conductance to a base flow
value using a two-component mass balance calculation (Pinder
and Jones, 1969; Nakamura, 1971; Stewart et al., 2007). Stewart
et al. (2007) describe a field test of the assumptions of the CMB
method and provide detailed examples of its application. The following is a summary of the CMB method. As with other mass balance methods, the CMB method assumes that stream flow
components have distinct chemical concentrations and each flow
component has an identifiable constituent concentration or
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specific conductance value (Pinder and Jones, 1969; Steele, 1969;
Nakamura, 1971; Cey et al., 1998; Wagnon et al., 1998; Godsey
et al., 2009; Stewart et al., 2007). To determine the fraction of total
flow (Q), that is base flow (QBF), constituent specific conductances
of end members of base flow conductivity (BFc) and surface runoff
conductivity (ROc) are estimated from low flow and high flow
specific conductance values (Pinder and Jones, 1969; Stewart
et al., 2007), respectively, from USGS stream gage discharge
records. Periods of lowest flow are assumed to be one hundred percent (100%) base flow and specific conductance is at a maximum,
as the ground water component of stream flow typically has the
highest total dissolved solids and fluid conductivity. During high
flow periods, the periods which contain predominately runoff,
specific conductance is at a minimum. From previous studies
(Kunkle, 1965; Pinder and Jones, 1969; Nakamura, 1971; Stewart
et al., 2007), it was shown that the lowest specific conductance is
predominantly runoff. Lott and Stewart (2013) illustrate that at
highest flows base flows are actually decreased by high stages. At
highest flows, base flow is a minor contribution to stream flow,
as shown by Stewart et al. (2007).
The conductivities of the base flow and runoff components are
assumed to remain constant over the period of observation, as verified in field studies by Stewart et al. (2007). Godsey et al. (2009)
and Steele (1968) demonstrate that specific conductance and ionic
concentrations of total stream flow have a consistent and statistically significant log-linear relationship with discharge over orders
of magnitude ranges of discharge and periods of records of decades
for individual stream gages. For this reason, the values for BFc and
ROc can reasonably be considered to be constant for each individual stream gage location (Stewart et al., 2007; Lott and Stewart,
2013).
After determining values for BFc and ROc, the base flow component, QBF, is calculated for each day over a period of record from the
CMB equation (Table 1). The two values are used to estimate base
flow for each day. As base flow is a small percentage of total flow at
the highest discharges, the calculated CMB base flow values are not
very sensitive to the value of ROc if the value is obtained from high
flows. As reported by Stewart et al. (2007) for a 570 km2 basin, a
250% variation in the estimated value of ROc produces a 16% variation in calculated base flow.
In the analytical power function (aQb + cQ) method (Lott and
Stewart, 2013) the equation constants a, b, and c are mathematically determined from Eqs. (1)–(3). Parameters a’ represent the
y-intercept and b’ the slope of a trend line fitted to a cloud of points
from a log Q vs. log Qc plot, and Qc is specific conductance of stream
flow. The parameters a, b, and c are constants defined as:

a ¼ a0 =ðBFc  ROc Þ

ð1Þ

b¼1þb

0

ð2Þ

c ¼ ROc =ðBFc  ROc Þ

ð3Þ

where BFc = stream flow specific conductance at lowest flows and
ROc = stream flow specific conductance at highest flows.
HYSEP (Sloto and Crouse, 1996) has three methods: fixed interval, sliding interval, and local minimum representing three different algorithms that draw lines between local minima of the
hydrograph. Two of three methods are used in this study, HYSEP
fixed interval and HYSEP sliding interval. The lines connecting successive discharge minima define the base-flow hydrograph. The
time interval within which the minima are selected is defined by N,

N ¼ 0:83A0:2

ð4Þ

where N is assumed to be the number of days after the peak of the
storm hydrograph that surface runoff ceases (Linsley et al., 1949)
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and A is drainage area in km2 (Sloto and Crouse, 1996). The HYSEP
fixed interval method assigns base flow to the lowest discharge
within successive intervals by an interval of time in 2N⁄ days. N⁄
is the closest odd integer to the calculated value of N. The HYSEP
sliding-interval method assigns base flow to the lowest discharge
within a time window equal to one half the interval 2N⁄ minus
one day.
WHAT1 uses two smoothing parameters in a digital filter for
base flow separation. For this study, WHAT1 base flow was determined using the web-based computer program and entering the
USGS gauging station number for each gage. WHAT1 defaults to
the Eckhart filter and to minimize subjectivity the default filter
parameter value (a) of 0.98 and the default BFImax of 0.80 were
used (Eckhardt, 2005) to calculate the uncalibrated BFI values.
The BFImax Genetic-Algorithm module that is integrated in WHAT1
system that optimizes the BFImax values and the filter parameter of
the Eckhardt filter is not a calibration, per se, as it does not use
other data to optimize the filter coefficients. Again, for this comparison the default filter values were used for uncalibrated
calculations.
The two BFI base flow separation methods, BFI1 and BFI2, used
the computer program BFI (www.usbr.gov/pmts/hydraulics_lab/
twahl/bfi/) as described by Wahl and Wahl (1995). BFI1 uses the
Standard Institute of Hydrology method (Wahl and Wahl, 1988),
and BFI2 uses the modified version of BFI1 (Wahl and Wahl,
1995). In this study, base flow was determined by using the default
parameters N = 5, the turning-point test factor (f) of 0.9 for BFI1,

and the one-day recession constant (K) of 0.98 for BFI2 for the
uncalibrated calculations.
2.1. Base flow index (BFI)
To compare the results of the analytical methods to the CMB
results, base flow index (BFI) values are used and determined over
a range of 2–16 consecutive years of discharge data (Table 2). BFI is
the ratio of cumulative base flow to cumulative total flow over the
time period of analysis. BFI is a hydrogeological parameter useful
in modeling un-gaged basins (Wahl and Wahl, 1995) and is
believed to represent the effect of geology on basin low flows
(Gustard et al., 1992). The BFI results from different basins are
dimensionless and always vary between 0 and 1. In this study,
BFI values determined by the CMB method for 35 stream basins
are compared to the BFI values determined by eight different analytical methods for the same basins (Table 2). In this study, the
CMB-derived BFI values are used as the standard for comparison,
therefore, the smallest difference in residuals between CMB values
and the values obtained from a given analytical method is the criterion for comparison.
2.2. Calibration of analytical methods
To calibrate the HYSEP and BFI methods, the original N-value is
adjusted until the smallest total residual is obtained between
the plot of cumulative CMB cumulative base flow values and

Table 2
BFI indices for 35 basins in USA calculated from seven base flow separation methods over a period of record (POR) of at least 2.0 years. Five uncalibrated analytical methods, the
power-function is inherently calibrated, and CMB is the proxy.
USGS
gage

Stream name

POR
(years)

CMB

Power function
(aQb + cQ)

HYSEP
(sliding)

HYSEP
(fixed)

WHAT1

BFI1

BFI2

10343500
2336300
1487000
2310000
2300500
2236500
2240000
2295637
2297310
2297100
7144780

Sagehen Creek near Truckee, CA
Peachtree Creek at Atlanta, GA
Nanticoke River near Bridgeville, MD
Anclote River near Elfers, FL
Little Manatee River near Wimauma, FL
Big Creek near Clermont, FL
Ocklawaha River near Conner, FL
Peace River at Zolfo Springs, FL
Horse Creek near Arcadia, FL
Joshua Creek at Nocatee, FL
North Fork Ninnescah River above Cheney
Reservoir, KS
Little Blue River near Lake City, MO
Red River of the North at Grand Forks, ND
Sheyenne River near Cooperstown, ND
Sheyenne River near Warwick, ND
Scioto River near Prospect, OH
Breitenbush River above French Creek near
Detroit, OR
Little North Santiam River near Mehama, OR
Fir Creek near Brightwood, OR
Tyger River near Delta, SC
Enoree River at Whitmire, SC
Spring Creek near Spring, TX
Craig Creek at Parr, VA
Hardware River below Briery Run near Scottsville,
VA
Appomattox River at Mattoax, VA
Nottoway River near Rawlings, VA
Clinch River at Cleveland, VA
Powell River near Jonesville, VA
Goose Creek near Middleburg, VA
Difficult Run near Great Falls, VA
Robinson River near Locust Dale, VA
Goose Creek near Huddleston, VA
Big Otter River near Evington, VA
North Fork Shenandoah River at Cootes Store, VA
Popple River near Fence, WI

2.0
2.0
2.4
16.0
2.5
3.4
2.4
3.1
3.0
8.3
2.0

0.26
0.37
0.56
0.14
0.15
0.12
0.76
0.36
0.06
0.21
0.62

0.25
0.37
0.56
0.13
0.15
0.12
0.76
0.35
0.05
0.21
0.67

0.92
0.31
0.81
0.65
0.59
0.90
0.94
0.71
0.70
0.68
0.64

0.92
0.30
0.81
0.64
0.59
0.89
0.95
0.70
0.71
0.68
0.64

0.74
0.41
0.74
0.58
0.55
0.75
0.80
0.70
0.60
0.61
0.63

0.63
0.25
0.71
0.28
0.29
0.72
0.93
0.59
0.40
0.43
0.56

0.63
0.25
0.70
0.27
0.32
0.74
0.93
0.57
0.37
0.42
0.55

2.0
1.5
4.0
6.6
2.0
2.0

0.14
0.10
0.56
0.24
0.31
0.39

0.14
0.09
0.58
0.36
0.34
0.38

0.42
0.67
0.78
0.54
0.47
0.79

0.41
0.69
0.78
0.51
0.48
0.78

0.57
0.70
0.71
0.55
0.54
0.71

0.30
0.61
0.57
0.25
0.27
0.67

0.30
0.58
0.54
0.24
0.27
0.66

2.0
6.8
4.1
4.2
2.0
2.2
2.0

0.23
0.35
0.35
0.29
0.17
0.17
0.50

0.22
0.34
0.35
0.29
0.17
0.16
0.50

0.68
0.66
0.62
0.64
0.27
0.67
0.62

0.69
0.74
0.63
0.64
0.25
0.69
0.63

0.66
0.64
0.67
0.68
0.43
0.64
0.66

0.53
0.49
0.58
0.60
0.17
0.52
0.53

0.54
0.49
0.58
0.60
0.16
0.52
0.52

2.1
2.1
3.2
2.3
2.1
2.6
2.1
2.0
2.0
2.1
2.3

0.31
0.11
0.26
0.33
0.23
0.06
0.33
0.21
0.10
0.25
0.41

0.31
0.11
0.26
0.33
0.28
0.06
0.31
0.19
0.09
0.23
0.41

0.54
0.53
0.58
0.61
0.60
0.44
0.74
0.68
0.68
0.61
0.83

0.52
0.54
0.58
0.60
0.60
0.43
0.75
0.69
0.69
0.60
0.83

0.60
0.58
0.64
0.62
0.60
0.51
0.72
0.69
0.70
0.58
0.70

0.44
0.42
0.47
0.46
0.36
0.38
0.64
0.58
0.56
0.34
0.55

0.44
0.42
0.47
0.46
0.36
0.38
0.62
0.58
0.56
0.34
0.55

0.29

0.29

0.64

0.64

0.63

0.49

0.48

6894000
5082500
5057000
5056000
3219500
14179000
14182500
14138870
2160105
2160700
8068500
2018000
2030000
2040000
2044500
3524000
3531500
1643700
1646000
1666500
2059500
2061500
1632000
4063700

Average
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1.0

BFI HYSEP
(fixed)

BFI HYSEP
(sliding)

1.0
0.8
0.6
0.4
0.2
0.0

0.8
0.6
0.4
0.2
0.0

0.0

0.2

0.4

0.6

0.8

0.0

0.2

BFI CMB
BFI method 1

BFI WHAT 1

1.0
0.8
0.6
0.4
0.2
0.0

0.0

0.2

0.4

0.4

0.6

0.8

BFI CMB

0.6

1.0
0.8
0.6
0.4
0.2
0.0

0.0

0.8

0.2

0.4

0.6

0.8

BFI CMB

BFI CMB

BFI method 2

1.0
0.8
0.6
0.4
0.2
0.0
0.0

0.2

0.4

0.6

0.8

BFI CMB
Fig. 1. Uncalibrated analytical methods – comparison of base flow indices (BFI) to CMB method. Each point represents the BFI-values of the uncalibrated method and the CMB
method BFI-values calculated over a period of at least 2 years of discharge data.

HYSEP
(sliding)

HYSEP
(fixed)

WHAT1

BFI1

BFI2

Number of basins (N)
Correlation coefficient (r)
Coefficient of
determination (r2)
p value
Standard deviation
(STDEV)
Coefficient of variance
(CV)
Standard error of mean
(SEM)
Residual mean
Residual standard error of
mean (RSEM)

35
0.35
0.12

35
0.35
0.12

35
0.40
0.16

35
0.50
0.25

35
0.49
0.24

the power function (aQb + cQ) method is calibrated by varying
the regression-derived values of a’ and b’ to reduce the total residual between the CMB and power function base flow values. As this
procedure uses streamflow conductivity data to determine the values of a, b, and c, it is expected that the base flow values calculated
from the power function method will be closely correlated with
values calculated by the CMB method. For this reason, it is most
appropriate to compare the power function base flow values to values from calibrated analytical methods.

0.038
0.15

0.038
0.16

0.019
0.09

0.002
0.16

0.003
0.16

3. Results

0.24

0.24

0.14

0.33

0.34

0.03

0.03

0.02

0.03

0.03

0.36
0.03

0.36
0.03

0.32
0.03

0.22
0.03

0.21
0.02

Standard error of
mean (SEM)

SD/n1/2

Table 3
Uncalibrated analytical method comparative base flow indices statistics. Due to
inherent calibration of the power-function method, it is excluded from this
comparison.

SD = standard deviation

n = number of observations
Statistical values calculated using vassarstats.net website; Linear Correlation and
Regression, Data-Import version; excluding RSE.

cumulative values of HYSEP and BFI methods base flow, plotted
over the period of record. In the case of WHAT1, calibration is
accomplished by changing the BFImax value used in the algorithm
until the residual between the CMB-derived BFI value and BFI value
of the method is at a minimum.
The power function (aQb + cQ) method (Lott and Stewart, 2013)
uses the intercept and slope of a linear regression fit to a log–log
plot of discharge Q against stream conductivity Qc to determine
the values a’ and b’, respectively. Eqs. (1)–(3) are then used to
determine the values of the coefficients a, b, and c. Base flow, Qbf,
is calculated from discharge, Q, using Qbf = aQb + cQ. In practice,

The CMB method and two of the analytical methods; Eckhardt
filter, WHAT1, and power function (aQb + cQ) do not produce any
BFI values above 0.8 for the 35 basins, while the remaining four
analytical methods do (Table 2). The CMB and power function
(aQb + cQ) methods produce, on average, the lowest BFI values.
Three pairs of methods produce almost identical BFI average
results with each other. The first pair is the CMB and power function (aQb + cQ), the second pair is HYSEP (sliding) and HYSEP
(fixed), and the third pair is BFI1 and BFI2.
If the BFI values of the uncalibrated analytical methods are plotted against BFI values of the CMB method, most of the uncalibrated
analytical methods tend to calculate much higher BFI values than
the CMB method, with the largest differences at lower CMBcalculated BFI values (Fig. 1). Five analytical methods have ranges
of the correlation coefficient (r) and coefficient of determination
(r2) from r = 0.35 to 0.50 and r2 = 0.12 to 0.25 for 12–25% of the
CMB base flow variance accounted for. The weakest correlation
with CMB-derived values were both HYSEP methods having,
r = 0.35 and r2 = 0.12 for 12% of the variance accounted for (Fig. 1
and Table 3). Also on average, BFI-values of both HYSEP methods
produced the greatest difference between BFI-values of the CMB
method (Fig. 2). Fig. 1 illustrates that using the default parameters
for smoothing constants in the analytical methods does not
produce results that correlate well with results from the mass
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4. Discussion

0.45
0.40

Mean Standard Error

0.35
0.30
0.25
0.20
0.15
0.10
0.05
0.00
BFI HYSEP (sliding)

BFI HYSEP (fixed)

BFI WHAT1

BFI method1

BFI method2

Base Flow Separation Methods
Fig. 2. Histograms of average BFI-values residual between CMB method and the
uncalibrated analytical methods.

balance method. However, residual standard errors of the mean are
similar for each analytical method used in this study, ranging from
0.02 to 0.03 (Fig. 2 and Table 3).
Once the HYSEP, BFI1, and BFI2 methods are calibrated by the
CMB method, the BFI value improvements were significant
(Fig. 3). For example, the calibrated BFI1 method improved to
r = 0.96 and r2 = 0.92 accounting for 92% of the variance with
p < 0.0001, and BFI2 method r = 0.90 and r2 = 0.81 for 81% of the
variance accounted for, with p < 0.0001 (Table 3). No calibration
was needed for the analytical power function method. After calibrating WHAT1, the results of the power function method and
WHAT1 was very similar, r = 1.00 and r2 = 1.00 accounting for
100% of the variance with p < 0.0001.

BFI values allow direct comparison of the average or long-term
base flow component calculated by the selected analytical methods with base flow calculated from a mass balance method, the
CMB method (Stewart et al., 2007). Direct measurement of base
flow is difficult, making an assessment of the comparative accuracy
of base flow methods problematic. It is assumed in this study that
mass balance methods, that use direct measurement of concentrations of ionic or isotopic constituents that represent individual
stream flow components, are a reasonable standard for comparison
of analytical base flow separation methods. It should be noted that
except for the power function method, the analytical methods
compared in this study are intended to be used directly with discharge data without calibration. However, by definition the a, b,
and c coefficients of the power function (aQb + cQ) method are calibrated at each gage to the observed power function relationship of
stream flow conductivity to total discharge (Lott and Stewart,
2013; Godsey et al., 2009; Steele, 1969). For this reason, it is
expected that the base flow calculated by the power function
(aQb + cQ) algorithm will closely match base flow calculated by
the CMB method.
The weak statistical match of the uncalibrated analytical methods to the CMB values results from a lack of calibration to basin
and gage-specific conditions. These methods can more closely
agree with the mass balance results if the filter constants are calibrated. For example, when the N values used in the BFI methods
are calibrated to the CMB data, the simple analytical filtering algorithms can closely replicate the CMB results (Table 4). Calibrating
analytical methods with available geochemical data would
increase the probability that they can return base flow values that
would agree with mass balance methods when the analytical
methods are applied to discharge periods for which no geochemical
data are available.

1

HYSEP (sliding)

Power-function

0.8

0.6
0.4

0.2
0

0

0.2

0.4

0.6

0.8
0.6
0.4
0.2
0

0

0.8

0.2

1
0.8

WHAT 1

HYSEP (fixed)

1
0.8
0.6
0.4

0.2
0

0.6

0.8

0.6

0.8

0.6

0.8

0.6
0.4
0.2
0

0

0.2

0.4

0.6

0.8

0

0.2

BFI CMB

0.4

BFI CMB

1

BFI method 2

BFI method 1

0.4

BFI CMB

BFI CMB

0.8

0.6
0.4
0.2

0

1
0.8
0.6
0.4
0.2
0

0

0.2

0.4

0.6

0.8

0

BFI CMB

0.2

0.4

BFI CMB

Fig. 3. Comparison of BFI-values from the CMB method and BFI-values from the calibrated analytical methods calculated over a period of at least 2 years of discharge data.
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Table 4
Calibrated BFI results for 35 basins in USA of six different base flow separation methods using CMB as the proxy.
USGS gage

Stream name

CMB

10343500
2336300
1487000
2310000
2300500
2236500
2240000
2295637
2297310
2297100
7144780
6894000
5082500
5057000
5056000
3219500
14179000
14182500
14138870
2160105
2160700
8068500
2018000
2030000
2040000
2044500
3524000
3531500
1643700
1646000
1666500
2059500
2061500
1632000
4063700

Sagehen Creek near Truckee, CA
Peachtree Creek at Atlanta, GA
Nanticoke River near Bridgeville, MD
Anclote River near Elfers, FL
Little Manatee River near Wimauma, FL
Big Creek near Clermont, FL
Ocklawaha River near Conner, FL
Peace River at Zolfo Springs, FL
Horse Creek near Arcadia, FL
Joshua Creek at Nocatee, FL
North Fork Ninnescah River above Cheney Reservoir, KS
Little Blue River near Lake City, MO
Red River of the North at Grand Forks, ND
Sheyenne River near Cooperstown, ND
Sheyenne River near Warwick, ND
Scioto River near Prospect, OH
Breitenbush River above French Creek near Detroit, OR
Little North Santiam River near Mehama, OR
Fir Creek near Brightwood, OR
Tyger River near Delta, SC
Enoree River at Whitmire, SC
Spring Creek near Spring, TX
Craig Creek at Parr, VA
Hardware River below Briery Run near Scottsville, VA
Appomattox River at Mattoax, VA
Nottoway River near Rawlings, VA
Clinch River at Cleveland, VA
Powell River near Jonesville, VA
Goose Creek near Middleburg, VA
Difficult Run near Great Falls, VA
Robinson River near Locust Dale, VA
Goose Creek near Huddleston, VA
Big Otter River near Evington, VA
North Fork Shenandoah River at Cootes Store, VA
Popple River near Fence, WI

0.26
0.37
0.56
0.14
0.15
0.12
0.76
0.36
0.06
0.21
0.62
0.14
0.10
0.56
0.24
0.31
0.39
0.23
0.35
0.35
0.29
0.17
0.17
0.50
0.31
0.11
0.26
0.33
0.23
0.06
0.33
0.21
0.10
0.25
0.41

Power function
(aQb + cQ)
0.26
0.37
0.55
0.14
0.15
0.12
0.76
0.36
0.06
0.21
0.62
0.14
0.10
0.56
0.24
0.31
0.39
0.23
0.35
0.35
0.29
0.17
0.17
0.50
0.31
0.11
0.26
0.33
0.23
0.06
0.33
0.21
0.10
0.25
0.41

HYSEP
(sliding)

HYSEP
(fixed)

WHAT1

BFI1

BFI2

0.66
0.39
0.56
0.14
0.18
0.26
0.82
0.38
0.08
0.51
0.60
0.14
0.27
0.57
0.25
0.31
0.39
0.23
0.35
0.38
0.38
0.17
0.25
0.50
0.31
0.11
0.28
0.33
0.25
0.17
0.34
0.24
0.16
0.25
0.42

0.76
0.38
0.57
0.14
0.19
0.23
0.82
0.38
0.08
0.21
0.63
0.13
0.30
0.57
0.25
0.30
0.41
0.23
0.36
0.37
0.40
0.18
0.22
0.51
0.30
0.12
0.28
0.26
0.25
0.20
0.34
0.21
0.14
0.23
0.40

0.28
0.38
0.60
0.14
0.15
0.13
0.76
0.36
0.07
0.22
0.61
0.14
0.09
0.57
0.24
0.31
0.39
0.23
0.35
0.35
0.30
0.17
0.17
0.50
0.31
0.11
0.26
0.33
0.23
0.06
0.32
0.21
0.10
0.25
0.42

0.30
0.33
0.59
0.14
0.19
0.21
0.78
0.36
0.05
0.22
0.63
0.14
0.26
0.57
0.25
0.36
0.40
0.23
0.37
0.40
0.30
0.17
0.14
0.50
0.31
0.13
0.29
0.33
0.05
0.04
0.28
0.20
0.06
0.30
0.43

0.34
0.33
0.57
0.13
0.21
0.30
0.78
0.39
0.06
0.23
0.62
0.15
0.34
0.54
0.24
0.30
0.51
0.22
0.39
0.51
0.34
0.16
0.31
0.49
0.32
0.17
0.37
0.36
0.21
0.13
0.36
0.40
0.29
0.30
0.44

0.29
1.00
1.00
<.0001
0.03

0.29
0.96
0.92
<.0001
0.03

0.34
0.90
0.81
<.0001
0.03

Average
0.29
0.29
0.33
0.32
Correlation coefficient (r)
1.00
0.86
0.85
1.00
0.74
0.72
Coefficient of determination (r2)
p value
<0.0001
<.0001
<.0001
Standard error of the mean (SEM)
0.03
0.03
0.03
Most statistical values calculated using vassarstats.net website; Linear Correlation and Regression, Data-Import version

Calibration of analytical methods to natural tracer methods and
data is useful because the default values for smoothing constants
used in computing base flow from analytical methods produce
results not in close agreement with mass balance methods, as illustrated by Fig. 1. For instance, using the default ‘N’ value of the BFI1
and BFI2 methods, the BFI-values calculated at only 12 of the 35
gages used in this study closely match the CMB-derived BFI values.
At 8 out of 35 gages BFI values calculated with default ‘‘2N⁄” values
in HYSEP closely match the CMB-derived BFI values (Fig. 1).
When the ‘N’ value in BFI1/BFI2 and the ‘‘2N⁄” value in HYSEP
(fixed and sliding interval) are calibrated against the CMB-data,
both BFI1 and BFI2 and HYSEP base flow cumulative values closely
match cumulative base flow calculated from the CMB data at all
gages (Fig. 3). The calibrated BFI1 method improved to r = 0.96
and r2 = 0.92 accounting for 92% of the variance with p < 0.0001,
and BFI2 method r = 0.90 and r2 = 0.81 for 81% of the variance
accounted for, with p < 0.0001 (Table 3).
Once calibrated, all the analytical methods improved their correlation with the CMB method, having an average correlation coefficient of 0.93 whereas, prior to calibration the mean correlation
coefficient was 0.42. With calibration using the CMB method or
other mass balance geochemical methods, the analytical methods
compared in this study are capable of reasonably reproducing base
flow values obtained from a mass balance method.
By definition, the gage-specific power function (aQb + cQ)
method produces BFI values almost identical to the CMB-derived

values for the 35 gages (r = 1, p < 0.0001), with an average BFI
residual of 0.0001. The difference between the values returned
by the CMB and the power function method is that the power function method does not use mass balance data directly. The fitting of
a regression equation to a log-linear plot of specific conductance
creates an average value of specific conductance for a specific discharge value for that gage and period of record.
5. Conclusions
Six analytical base flow separation methods are compared to a
mass balance method, the CMB method. As the CMB method uses
basin and gage-specific data, discharge and specific conductance,
which has a long history of applications to base flow separation
studies (Kunkle, 1965; Pinder and Jones, 1969; Visocky, 1970;
Nakamura, 1971; Pilgrim et al., 1979; Sklash and Farvolden,
1979; Matsubayashi et al., 1993; Caissie et al., 1996; Yu and
Schwartz, 1999; Stewart et al., 2007; Pellerin et al., 2008; Kish
et al., 2010; Lott and Stewart, 2013), it is used as the standard
for comparison of the analytical methods. Five of the analytical
methods are typically applied to discharge records without calibration. However, the application of the power function (aQb + cQ)
method (Lott and Stewart, 2013) is unlike other analytical methods
because it is inherently calibrated and returns results similar to
observed natural tracer data at a specific gage. Therefore, it generates
BFI values closest to those of CMB-derived BFI values.
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Excluding the power function method, two of the five uncalibrated analytical methods, BFI1 and BFI2, produce the next closest
values to the CMB-derived values (Fig 1, Table 3). When the
N-values of the BFI1 and BFI2 and HYSEP methods and the
BFImax-values of WHAT1, including Eckhardt, are calibrated against
natural tracer data, they produce BFI values that have statistically
significant relationships to the CMB-derived BFI values for the 35
gages (Table 4). After calibration, all the analytical methods
compared in this study can closely replicate CMB base values.
The correlation coefficient of the five analytical methods compared
to CMB-derived BFI values improved from a mean of r = 0.42 to
r = 0.91 with calibration. If the power function is included with
the calibrated analytical methods the mean of r = 0.93.
The results of this study demonstrate that uncalibrated analytical base flow methods do not produce highly significant BFI values
when compared to CMB-derived BFI values. However, calibration
of each analytical method can produce base flow values that reasonably replicate mass balance derived base flow. This study suggests that analytical base flow methods should be calibrated
against tracer or mass balance methods. Future research might
investigate if periodic measurements of specific conductance or
ionic concentrations at varying discharges would be sufficient to
provide a calibration for specific gages and basins.
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